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The Central Indian Ridge (CIR) between 18° and 21°S shows significant morphological 
variation at a relatively constant spreading rate (between 47 and 51mmyr
-1).  High 
resolution TOBI sidescan sonar data (cruise CD127) and multibeam bathymetry data 
(Magofond 2 cruise), complemented by regional geophysical and geochemical datasets, 
provide an important opportunity to examine the processes controlling morphological 
and volcano-tectonic variations along the CIR. 
  The CIR is situated on an elevated plateau formed from a temporally persistent and 
robust melt supply to the ridge axis.  Analysis of the data shows that the fracture zones 
have a significant structural control on along-axis morphology and melt supply, 
partitioning the ridge into three morphologically defined regions.   
  The central region (Region B) bounded by two of the fracture zones, contains 
segments which show rifted axial morphologies characteristic of slow-spreading ridges.  
Regions A and C show patterns of variable volcanic robustness along-axis associated 
with the supply and availability of melt to the ridge.  Tectonic analysis correlates with 
inter- and intra-segment trends in morphology and volcanic structure, further 
highlighting regions of robust or deficient melt supply.  Strong relationships are also 
revealed between the tectonic parameters of fault length, spacing and density 
along-axis.  
  Finite difference analysis is used to model the Non-Transform Discontinuities along 
the CIR and Mid-Atlantic Ridge to understand patterns of strain within their interiors.  
The results indicate the presence of a damage zone ahead of a propagating segment tip, 
providing increased crustal permeability and a greater potential for hosting 
hydrothermal circulation.  Analysis of geochemical data along the CIR identifies five 
hydrothermal plume signatures, three of which are coincident with the locations of 
NTDs in the study area, correlating with the findings of the numerical analysis.   
  A detailed model of the CIR demonstrates that thermal variation influenced by ridge 
structure can produce significant variations in morphology and volcano-tectonic 
distribution at a constant spreading rate.                                             An Analysis of the Tectonic and Volcanic Structure of the Central Indian Ridge 
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We can only sense that in the deep and turbulent 
recesses of the sea are hidden mysteries far greater 
than any we have solved. 
 
In The Sea Around Us (1951) by R. Carson    Chapter 1 - Introduction 
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Chapter 1 
Introduction 
 
Ocean ridges are the most important physiographic features in the ocean basins.  The 
formation of oceanic crust at these constructive margins occurs by a complex 
combination of magmatic and tectonic processes.  Estimates suggest that about 20km
3 
of new ocean crust is formed each year through these processes (Detrick, 2000).  Many 
studies have been carried out along the world’s active spreading ridges, and yet still 
only approximately 1 to 2% of their total extent has been mapped and studied in any 
detail.   
 
Observation and analysis of active spreading ridge morphology, at a range of scales 
along with the distribution of the volcano-tectonic fabrics, provide an insight into the 
underlying processes controlling the evolution of a ridge, its morphology and its 
structure.  This analysis in turn provides a better understanding of a broad range of 
biological, chemical and physical processes, which may be influenced by the tectonic, 
magmatic and morphological segmentation of a spreading axis. 
 
The segmented nature of the world’s mid-ocean ridge system indicates that it is not a 
simple two-dimensional structure, but is a three-dimensional system with large 
along-axis variations in mantle and crustal densities, and crustal thickness (Madge et al., 
1997).  Spreading axes are now considered not simply as continuous regular zones of 
crustal accretion at the scale of the lithospheric plate boundary, but rather as composite 
zones of extension, comprising large numbers of short sections or segments of active 
ridge (Parson et al., 1993b).     
 
Survey instruments, such as the Towed Ocean Bottom Instrument (TOBI) (Murton et 
al., 1992; Flewellen et al., 1993; Parson et al., 1993b), are being used extensively to    Chapter 1 - Introduction 
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collect data to aid in the understanding of ocean ridge processes.  Sidescan sonar data is 
particularly useful in delineating the axial neovolcanic zones, and areas of recent 
off-axis volcanism (Scheirer et al., 2000).  These types of terrain, (e.g. fresh 
unsedimented basaltic seafloor, steeply inclined scarps or rapidly mass-wasted fault 
faces, which remain unburied by sediment), are generally characterised by strongly 
backscattering sonar records (Parson et al., 1993b).   
 
In this thesis TOBI and swath bathymetry data from the Central Indian Ridge (CIR) are 
used to analyse the morphology and structure of the ridge axis within the study area.  
The bathymetry data is used to construct a digital terrain model and analyse the 
morphology of the ridge.  The TOBI data is used to interpret the distributions of the 
tectonic and volcanic fabrics along the ridge axis.  Through the interpretation and 
analysis of this data, the geological processes active along the ridge can be inferred and 
a model of ridge development can be constructed. 
 
1.1  Ocean Ridge Structure and Dynamics 
 
The creation of new oceanic crust is integral to the process of seafloor spreading and 
involves the closely linked processes of magmatism and mechanical extension.  This 
results in a mass deficit along the axis which must be balanced by the upwelling of 
material from the asthenosphere (Macdonald, 1982; Mutter and Karson, 1992).  Oceanic 
crust is created from melts generated by pressure release during the adiabatic rise of 
upwelling mantle.  A general model for the structure of the oceanic crust comprises 
three distinct seismic layers (Figure 1.1a).  The model of oceanic lithospheric structure 
is confirmed by holes drilled by the Deep Sea Drilling Program (DSDP).  The deepest 
drilled hole, Hole 504B, extends down to 2111m through the oceanic crust south of 
Costa Rica.  It shows a sediment cover, 571m of basalts (magmatic crust) erupted as 
pillow lavas or flows, and 200m of basalt breccias with crosscutting dikes overlying 
1100m of sheeted dikes (Mével and Cannat, 1993; Dilek, 1998).  Recent drilling in the 
eastern Pacific Ocean (Hole 1256D) has also provided a sample of intact crust.   
However, unlike Hole 504B, Hole 1256D penetrated the dike-gabbro boundary through 
lavas, as well as the underlying dike complex and into the gabbroic rocks (Wilson et al.,    Chapter 1 - Introduction 
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2006).  This hole therefore, provides a unique sample of the lithospheric transitions in 
the upper crust to a depth of 1257 metres below the seafloor.  The general lithospheric 
sequence is shown in Figure 1.1b.  The oceanic lithosphere can also be classified based 
on isothermic boundaries.  The bottom of the crustal lithosphere is placed at 450°C, 
while the base of the mantle lithosphere is represented by a 750°C isotherm (Neumann 
and Forsyth, 1993). 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 1.1  (a) A composite model of crustal and upper-mantle structure at a fast spreading centre based 
on a cartoon by Kent et al. (1990) and extended into the lower crust and upper mantle by Sinha and Evans 
(2004).  The Low Velocity Zone (LVZ) refers to a low seismic velocity zone and the Axial Magma 
Chamber (AMC) refers to a thin melt sill, typically seen as a bright seismic reflector.  (b) Summary 
lithostratigraphic column of the basement drilled to date at Site 1256D showing recovery and lithology 
only.  From Wilson et al. (2006). 
 
Significant variations in spreading asymmetry and rate are perhaps the most important 
factors affecting segment evolution, as well as the tectonic and morphologic style of 
segments and axial discontinuities (Mendel et al., 1997; Drolia et al., 2000).  General 
observations of ocean ridge morphology suggest that at slow total opening rates of 
1-5cm/yr, a 1.5-3.0km deep rift valley marks the axis.  At intermediate rates of 5-9cm/yr 
(a)  (b)    Chapter 1 - Introduction 
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the rift valley is generally only 50-200m deep, with the shallow rift superposed on a 
broad axial high with the flanking topography relatively smooth (Macdonald, 1982).  At 
fast spreading rates (greater than 9cm/yr) there is no rift valley, but a triangular-shaped 
axial high.  At fast spreading centres several lines of evidence suggest that magmatism 
is the dominant process.  In contrast, mechanical extension plays a critical role at slow 
spreading ridges.   
 
Axial valley formation is one of the most important processes which can 
morphologically differentiate ridges of varying spreading rate and thermal structure.  
Numerous models have been proposed to understand how axial valleys are formed, and 
what causes their formation or absence along ridges with different spreading rates (e.g. 
Tapponnier and Francheteau, 1978; Sleep and Rosendahl, 1979; Phipps Morgan et al., 
1987; Malinverno, 1993; Chen and Lin, 1999; Buck and Qin., 2006; Gregg et al., 2007).  
A detailed discussion of these models is provided in Chapter 4.  The models include: 
 
(i)  The ‘Hydraulic Head Loss model’ relating the viscous forces along the edges 
of a magma conduit underneath a slow spreading ridge, to a depression over 
the centre of plate spreading and a relative uplift in the rift valley walls. 
(ii)  Another model proposed by Tapponnier and Francheteau (1978) proposing 
that steady state tectonic necking in a ductile layer beneath the rift valley 
occurs within a 10km zone at the ridge axis, locally thinning the crust.   
Tapponnier and Francheteau (1978) further proposed that doming of the 
lithosphere occurs over a 30km zone across the axial valley through isostatic 
disequilibrium.   
(iii)  Phipps Morgan et al. (1987) proposed a model relating thickening of the 
lithospheric plate away from the axis to horizontal extensional stresses, 
causing flexure and deformation at the plate boundary. 
(iv)  Chen and Lin (1999) proposed a model linking the rheology and thermal 
structure of the lithosphere to the formation of an axial valley.  The model 
describes interplay between a potential failure zone in the strong (brittle) 
lithosphere at the plate boundary resulting from high stress due to the 
divergence of mantle flow beneath the ridge axis, and a weak (ductile) zone    Chapter 1 - Introduction 
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in the lower crust.  They argued that at slow spreading rates, isotherms will 
be deeper resulting in a rigid crust or small region of ductile lower crust near 
the axis.  Consequently, the crust and mantle will fail under extension 
producing an axial rift valley.   
 
1.2  Ridge Segmentation 
 
The continuity of a ridge is interrupted by both transform and Non-Transform 
Discontinuities (NTDs) which partition the ridge axis into segments (Figure 1.2).   
Lithospheric segmentation was originally thought to be inherited from continental 
break-up or plate reorganisation effects.  However, it is now suspected that much 
segmentation is actively controlled by local instabilities in mantle upwelling, and is not 
simply a passive response to global plate motions (Allerton et al., 1995).  Consequently, 
three-dimensional mantle convection patterns may determine which offsets develop into 
long-lived transforms, while intervening segment boundaries develop into less stable 
non-transform offsets (Madge and Sparks, 1997).     
 
 
 
 
 
 
 
 
Figure 1.2  Along-axis variation in crustal thickness and lithology from Cannat et al. (1995).  The 
continuous white line represents the base of the lithosphere. 
 
Ridges are formed by volcano-tectonic process, with the assumption that each spreading 
segment is fed from below by a buoyancy-driven mantle plume which ascends from a 
zone of partial melt at depth (Mendel et al., 1997).  Ridge segments that receive large 
volumes of melt should have a thick crust, possibly with a permanent magma lens, 
favouring a layered structure similar to that of faster spreading ridges (Mével and 
Cannat, 1993).  Conversely, ridge segments receiving very little magma are unlikely to    Chapter 1 - Introduction 
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have a permanent magma lens at the axis, and spreading should be largely due to 
tectonic extension.  These processes have a very significant effect on segment 
morphology.  Segments that are experiencing a phase of voluminous and sustained 
magma upwelling and melt production, will exhibit a narrow hourglass-shaped rift 
valley with a well defined neovolcanic zone.  In contrast, segments with a weak 
magmatic budget will exhibit a wide, U-shaped rift valley with a poorly defined 
neovolcanic zone (Sempéré et al., 1990).   
 
The structures responsible for the termination of a segment may be of two types; a first 
order transform fault, or a second, third or fourth order non-transform discontinuity 
(NTD).  These are characterised by the degree of ridge offset and the presence and 
extent of their off-axis trace (a measure of their longevity).  Figure 1.3 shows the 
continuum of discontinuities observed along slow spreading centres and the features 
usually observed associated with them.  First, second and third order offsets are 
observed along the CIR.  Both transform faulting and NTDs along the ridge axis and 
their affects on the surrounding ridge fabrics, will be examined in detail within this 
study.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3  Hierarchy of ridge axis discontinuities with descriptions of the characteristic features.  From 
Grindlay et al. (1991).    Chapter 1 - Introduction 
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1.2.1  Transform Faults 
 
Transform faults are major regional strike-slip fault systems and rigid plate boundaries 
where the ridge is offset, juxtaposing old lithosphere of varying age and thickness 
against the ridge axis.  They are also areas of distributed crustal strain that permit 
adjacent rift segments to extend with different geometries and different rates (Mutter 
and Karson, 1992).  The combined on- and off-axis expression of first-order 
discontinuities is referred to as a fracture zone, and forms a rigid, temporally stable 
interface which represents a relatively large offset of opposing ridge segments (Grindlay 
et al., 1991).   
 
A transform fault is composed of three distinct regions.  The broadest of these is the 
transform valley.  The second is the transform domain, a region which has been affected 
by deformation associated with strike-slip displacement.  The third region is the active 
fault zone which is referred to as the Principle Transform Displacement Zone (PTDZ) 
(Karson and Dick, 1983).  Seafloor mapping indicates that the morphology of transform 
faults depends on their slip rate and the age of the lithosphere, which is juxtaposed 
where the ridge axis and transform fault intersect.  This is referred to as the 
Ridge-Transform Intersection (RTI) (Sempéré, 1987).  Although transform faults are 
characteristically vertical with complex zones of anastomising, parallel, or en echelon 
faults, they exhibit clear bends (or jogs) and stepovers (or offsets). 
 
There are various controls on the structure, strength and stress regime within a 
transform zone.  The rate of slip is a significant control on the development of a 
transform fault.  Slow-slipping transform faults are characterised by topographic 
lineaments consisting of large elongated ridges and broad, deep valleys.  These valleys 
contain the transform tectonised zone, a 1.5km tectonised band (formed by the 
anastomising of the transform fault zone), which includes the PTDZ and secondary 
structures (Sempéré, 1987).  Rift mountains adjacent to the active transform at slow 
spreading transform faults are consistently 0.5 to 1.5km higher than the rift mountains 
adjacent to the inactive fracture zone (Severinghaus and Macdonald, 1988).  A fast 
slipping transform fault zone generally contains closely spaced transform faults, which    Chapter 1 - Introduction 
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some authors suggest may form in response to small changes in spreading direction. 
Slow slipping transform faults are narrower, which may be due to a ridge push force 
supplying an additional component of tension across the transform fault (Searle, 1986). 
   
Fundamentally, model results indicate that spreading rate is an important factor 
controlling the relative strength of transform faults.  It is speculated that the interplay 
between initiation, maturation and cessation of fracture zone offsets may record the 
changing response of the ridge, to variations in spreading direction, rate or magma 
supply (Parson et al., 1993b).  Rotation of a relative plate-motion vector will act to 
place a transform fault in either transtension or transpression, thus decreasing or 
increasing the resistance to split along the fault respectively (Tuckwell et al., 1996).  
However, there may ordinarily be small and locally varying amounts of compression 
across the transform (Searle, 1986). 
 
A morphologically deeper region of the ridge axis lies on the inside of a plate corner 
defined by the intersection of the ridge axis and the transform domain.  This is referred 
to as a nodal basin (Karson and Dick, 1983).  Generally, tectonic processes are 
dominant in the lithosphere exposed at nodal basin RTIs, and a great variety of crustal 
rocks are exposed (Lagabrielle et al., 1992).  As bathymetric lows however, nodal 
basins are likely to be preferential regions for sedimentation.   
 
Features also associated with the intersection between transform faults and segments are 
inside and outside corners (Figure 1.4).  These features are recognised by the distinct 
differences in morphology and elevation between them.  The formation of inside and 
outside corners is associated with the actively-slipping transform, which decouples a 
low block that is in the rift valley from a block that has already gone through its uplift 
on either side of the transform fault.  This allows the inside corner to rise in response to 
forces that create uplifted rift valley walls, while the inactive fracture zone forms a weld 
that prevents the outside corner from rising in response to the same forces 
(Severinghaus and Macdonald, 1988).  The inside and outside corners also produce 
markedly asymmetrical gravity anomalies which Tucholke and Lin (1994) attribute to    Chapter 1 - Introduction 
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differences in crustal thickness or density.  They also propose that the depth of the 
brittle/ductile transition may be elevated at inside corners relative to the outside corners. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4  A sketch illustrating the positions of inside and outside corners along a slow spreading ridge 
associated with second-order discontinuities and a transform fault.  From Tucholke and Lin (1994). 
 
1.2.2  Non-Transform Discontinuities 
 
Non-Transform Discontinuities (NTDs) offset the ridge more frequently than transform 
faults and therefore, constitute an important aspect of the tectonic processes along slow 
and intermediate-spreading centres (Figure 1.5).  These discontinuities readily initiate 
by sustained differential, asymmetric spreading along a continuous ridge, made up of 
two spatially and temporally independent magmatic centres (Grindlay et al., 1991).   
However, they can also form through the reduction of magma supply with no change in 
spreading direction, forming third- and fourth-order NTDs.  If the direction of spreading 
changes, these high-order NTDs will become the weakest parts of the plate boundary, 
and will develop into small offsets.  These types of small offset NTDs are the focus of 
detailed modelling work and analysis within Chapter 6.  The variable morphotectonic 
geometries associated with these discontinuities indicate that horizontal shear strains are 
accommodated by both extensional and strike-slip tectonism and the geometries are 
unstable in time.  
 
  IC  -  Inside Corner 
  OC -  Outside Corner    Chapter 1 - Introduction 
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Figure 1.5  Cross-section and map view of two spreading segments showing focussed mantle upwelling 
beneath the middle, of two segments which would result in enhanced melting and thicker-than-usual crust 
away from the bounding discontinuities.  From Sempéré et al. (1993). 
 
Small- or zero-offset NTDs are classified as second-, third- or fourth-order 
discontinuities.  Second-order discontinuities correspond to small disruptions to the 
continuity of a ridge, and may have an off-axis signature.  Third- and fourth-order 
discontinuities correspond to zero or near-zero, intra-rift offsets of the spreading centre 
that do not leave a recognisable off-axis signature (Sempéré et al., 1990).  Generally, 
NTDs exhibit a range of tectonic and volcanic styles depending on the configuration of 
the adjacent spreading ridges.   
 
Second-order discontinuities behave non-rigidly and include large offset (>3-5km) 
overlapping spreading centres (OSCs) at intermediate to fast spreading ridges, and small 
non-transform offsets at slow spreading centres (Grindlay et al., 1991).  Within the    Chapter 1 - Introduction 
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NTD, a diffuse strike-slip deformation and associated oblique extension may occur.  
Since discontinuities are areas in which relatively little melt is expected to be produced, 
the extension results in lithospheric stretching and thinning, leading to uplift and 
exposure of mantle-derived serpentinites and lower crustal rocks (Gràcia et al., 1997b).  
For the slower end of the accretionary spectrum (<40mmyr
-1), it is suggested that 
second-order discontinuities can be initiated by changes in the pole of rotation; and can 
evolve from transform fault plate boundaries through sustained differential asymmetric 
spreading (Grindlay et al., 1991).  The temporal persistence of these offsets creates an 
off-axis record of their development over time.   
 
Third and fourth-order discontinuities reflect local perturbations in melt delivery 
(Macdonald et al., 1988).  Third order discontinuities represent small offsets or 
disruptions in ridge axis continuity.  Fourth-order discontinuities represent a subtle form 
of segmentation, where ridge axis continuity is maintained and changes in structure and 
orientation of the plate boundary are recognised (Grindlay et al., 1991).  Fourth order 
segmentation only occasionally has a clear tectonic and seismic signature (which 
requires very high resolution to detect).  The absence of off-axis scars indicates that 
third- and fourth-order ridge-axis discontinuities must be short-lived (<10
4yr) 
(Macdonald et al., 1988).   
 
1.3  Tectonism along Ocean Ridges 
 
Stress at the ridge axis is generated by the gravitational forces acting on the brittle 
lithosphere as its density increases off-axis (the near-ridge effect of the ridge-push 
force).  This stress is an order of magnitude higher than can be supported at the ridge 
axis (Tuckwell et al., 1996).  Large strains in the upper brittle part of the Earth’s crust 
are primarily achieved by the accumulation of displacement on faults.  The deformation 
may be accommodated at a range of scales (Cox and Scholz, 1988).  Grindlay, et al. 
(1991) comment that extensional strain associated with plate separation, is the dominant 
strain component of the spreading centre with the axis of principle stress, under normal 
conditions, oriented parallel to the spreading direction.  At ridge axis discontinuities the 
stress field is more complex because of geometrical (offset magnitude) and mechanical    Chapter 1 - Introduction 
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(variations in the lithospheric thickness and strength) perturbations (Grindlay et al., 
1991; Tyler et al., 2007). 
 
Fault strikes tend to be perpendicular to the least compressive stress, thus they also tend 
to be perpendicular to the spreading direction.  One variation in ocean-ridge stress fields 
and fault fabric can be seen at the intersection points between ridge axes and transform 
fracture zones (RTIs) or within NTDs.  These areas are subject to a significant rotation 
in the stress field, which in turn produces changes in the fault fabric orientations 
(Chapter 6).   
 
1.3.1  Fault Initiation and Development 
 
The mid-ocean ridge system constitutes an active, world-encircling extensional province 
characterised by normal faulting.  Shaw and Lin (1996) suggest that faults initiate near 
the ridge axis where the lithosphere is weakest, and after propagation are moved off-
axis by dike injection, until it becomes more favourable to initiate a new fault near the 
axis.  Crustal thickness is a key variable in producing variations in faulting style; for 
example, at slow spreading segments a 50% reduction in crustal thickness can lead to a 
twofold or threefold increase in fault spacing and height (Shaw and Lin, 1996).  As 
faults grow, they may interact with each other and link, in turn forming larger scale fault 
traces.  There are two ways in which faults may link; (i) by the linking of their tips, or 
(ii) by the linkage of a faults tip to an adjacent faults wall.  Tuckwell et al. (1996) 
suggest that this linkage can produced a small number of longer fractures arranged en 
échelon along the ridge axis. 
  
The tectonic fabric along ocean ridges broadly comprises inward facing or synthetic 
faults, and outward facing or antithetic faults.  Most faults dip toward the axis on 
slow-spreading centres (~80%), however, there is a systematic increase in the 
occurrence of outward dipping faults with spreading rate (Carbotte and Macdonald, 
1994).  Large strains in the upper brittle part of the Earth’s crust are primarily achieved 
by the accumulation of displacement on these faults.  The effects of fault development 
on the oceanic crust within a ridge setting are varied.  Shaw (1992) observed that    Chapter 1 - Introduction 
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faulting has an important role in the formation of abyssal hills at slow-spreading ridges.  
At intermediate spreading rates the locations where new normal faults grow can be 
closely related to volcanism (Shaw and Lin, 1993).  If a significant fault should lead to 
fissure eruptions, an Axial Volcanic Ridge (AVR) could be constructed which would 
have the effect of warming the segment, and transfer the site of potential brittle failure 
elsewhere (Parson et al., 1993a). 
 
The most well developed tectonic feature along the ridge axis are the rift valley walls 
(Figure 1.6), which in bathymetric maps appear as single scarps.  The top of the slope is 
marked by an over-steepened crest free-face.  The lower debris slope has a planar aspect 
whose dip is controlled by the angle of repose of the clasts composing the debris surface 
(Allerton et al., 1995).  The largest faults predominantly occur at segment distal ends, 
and their ability to reach the segment centre is limited by the segment length (Shaw and 
Lin, 1996).  The along-axis variations in scarp trends, spacing and throw must arise 
either, from changes in the stress field, the underlying lithospheric strength, or 
underlying fault geometry (Shaw and Lin, 1993).  These faults are easily identified by 
sidescan sonar surveys.  They are generally characterised by strong backscattering as 
they expose basement rock and form steep surfaces, with accumulating sediment at their 
bases. 
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Figure 1.6  Fault scar evolution.  (a) Immature Stage.  Fault surface is exposed, with small talus fans 
developing at the base of the fault scarps and on terraces.  (b) Mature Stage.  The fault scarp is covered 
with a thick wedge of sediments produced by gravitational collapse of the unstable steeper slope.  (c) 
Drape Stage. The fault scarp is covered by a drape of pelagic sediments.  From Allerton et al. (1995). 
 
This thesis considers in detail the distribution and development of tectonic fabrics along 
the CIR, both within the axial valleys and the fracture zones (Chapters 4 and 5).  The 
distribution of the different volcanic facies is also considered to give a thorough view of 
the structural components of the CIR.  These two elements combined, are analysed and 
interpreted to infer the underlying geological processes which are active along the ridge 
axis.   
 
1.4  Melt Supply and Volcanic Activity along Ocean Ridges 
Seafloor spreading is achieved through the combined processes of tectonic extension 
and magmatic accretion.  Variations in crustal accretion represent the combined effects 
of three-dimensional mantle upwelling, melt migration and subsequent crustal 
deformation (Madge and Sparks, 1997).  The emplacement of magma in shallow level 
reservoirs beneath mid-ocean ridges may be an episodic process.  It is a function of the 
(a) 
 
 
 
 
 
 
 
 
(b) 
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liberation of voluminous amounts of molten material from depths exceeding 30-40km in 
the upper mantle (Sempéré, 1987).  Injection of melt leads to local eruptions, as well as 
migration of magma away from the source of upwelling, supplying the axial magma 
chamber along strike.   
 
Upon reaching the base of the lithosphere, the magma interacts with extensional 
tectonic stresses and propagates along-axis through the brittle layer, both laterally and 
vertically as dikes (Madge et al., 2000).  As magma is emplaced, intruded and migrates 
along axis and finally erupts, it will cool at different rates eventually solidifying.   
Contact with cold seawater produces the most rapid process of cooling.  Three main 
crustal formations result from different rates of magma cooling and crystallisation; 
fossil magma chambers, sheeted dikes and pillow lavas (Meyer and Gillis, 1993).   
 
1.4.1  The Neovolcanic Zone 
 
The focused zone along the ridge system where the most recent volcanism occurs is 
called the neovolcanic zone.  Tuckwell et al. (1999) propose a model which assumes 
that the neovolcanic zone is roughly equivalent to a thin brittle lid overlying a 
mechanically weak zone, which acts as a conduit for rising mantle material between the 
diverging lithosphere plates.  Mendel et al. (1997) classify the neovolcanic zone as; (i) 
robust, where it consists of a linear ridge >500m high with seamounts superimposed, (ii) 
intermediate, where it consists of a discontinuous ridge <500m high which is also 
studded by seamounts, and (iii) poorly developed, where it consists of a string of 
seamounts.  The contribution of volcanism to the morphology will be more important 
near the shallowest portion of the rift valley within each segment, beneath which the 
upwelling magma is enhanced (Sempéré et al., 1990).  The distribution of volcanic 
types across the axial valley floor can reveal significant information on the underlying 
active processes within a segment. 
 
Ondréas et al. (1997) refer to the evolution in volcanic dynamics between explosive and 
effusive activity.  They suggest a progression of eruptive styles, which are likely to 
indicate an evolution or cycle of magma supply and magma properties.  Sheet flows    Chapter 1 - Introduction 
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erupt at very high effusion rates and are interpreted as the initial stage of the volcanic 
cycle (Macdonald, 1982).  Sheet flows may indicate a more robust magma supply and 
lower viscosity, allowing lava to pool and flow over relatively large distances.   
Conversely, hummocky volcanic terrain may indicate a waning magma supply and 
magma of higher viscosity, causing in-situ hummocky mounds to form.  These volcanic 
types may therefore be interpreted to mark two end members in an eruptive cycle.   
AVRs may be sites of persistent volcanic construction, and are considered by some 
authors to be a basic element in a model of crustal formation (Lee and Searle, 2000).  
Mendel et al. (1997) propose that segments with small AVRs may correspond to the 
beginning of a volcanic episode or one which is short lived.  Conversely, those with 
high AVRs disrupted by faults and showing a small summit graben may correspond to 
the end of such a stage or long lived episode.  Bideau et al. (1998) suggests that there 
can be shallow magma sources throughout a ridge segment, and along-segment 
variation of extrusive type is a result of different thicknesses of crust providing varied 
lithostatic head.  
 
Magmatic and volcanic processes can both significantly affect and be affected by 
tectonic processes, and in many instances the two processes operate side by side.  For 
example, magmatic processes may influence tectonism through buoyant mantle flow, 
which may be responsible for long wavelength crustal thickness variations, and 
therefore the spacing of long-lived transform faults (Madge and Sparks, 1997).  The 
effects of tectonic processes have been observed where AVR emplacement is controlled 
by orthogonal extension in the spreading-orthogonal part of the axis (Sauter et al., 
2002).   
 
Volcanic activity may also act to conceal tectonic processes and smooth the 
morphology of tectonic areas.  Large faults might be expected to trap flows in their 
hanging wall depressions.  Whereas, small faults in the hanging walls of major faults 
would easily become covered by the ponding flows (Mitchell and Searle, 1998).   
Fractures and fissures are often onlapped by neovolcanic terrain.  Alternatively 
feathering of the neovolcanic and tectonic areas may imply a more continuous process 
of eruption and faulting (Allerton et al., 1995).      Chapter 1 - Introduction 
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1.4.2  Melt Supply and Migration 
 
Mantles plumes and passive upwelling beneath ridges represent the two dominant 
modes of mantle transport (Figure 1.7).  These are characterised by an initial pulse of 
material associated with the plume head and a long-term flow associated with the plume 
conduit (Kincaid et al., 1996).  Most of the molten rock (melt or magma) that solidifies 
into ocean crust resides within shallow magma chambers beneath the axes of the ridges, 
before erupting at the seafloor or 'freezing' onto the edges of the separating tectonic 
plates (Detrick, 2000).  The width, shape and depth of the axial magma chamber are 
critical parameters governing the petrology, structure and stratigraphy of ocean crust.  
For example the width will influence magma mixing, the scale of crustal heterogeneity, 
off-axis volcanism, and the overall structure and tectonics of the ridge axis (Macdonald, 
1982).   
 
Where long-lived reservoirs are present, Head et al. (1996) suggest that melt is likely to 
be organised into elongate 10 to 15km long bodies extending laterally from above 
mantle diapirs.  Each spreading segment is thought to mark the locus of a rising and 
melting mantle diapir (Tucholke and Lin, 1994).  Macdonald (1982) proposed that a 
magma chamber beneath intermediate to fast spreading centres is steady state while 
beneath slow spreading centres is transitory.  They further suggest that the magma 
chambers fractionate as open systems, with repeated replenishment and magma mixing, 
even at slow spreading rates.  
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Figure 1.7  (a) A hierarchical model of magma supply and ridge segmentation (Macdonald et al., 1988).  
The numbers (1 to 4) represent the order of the along-axis discontinuities.  (b) A magnified view of a 
fourth-order discontinuity.   
 
Magma migration in near surface environments by dike or sill propagation is a common 
phenomena, with magma known to migrate in decametre wide cracks for tens of 
kilometres away from volcanic centres in Iceland (Phipps Morgan, 1987).  Magma 
migration occurs where a plume upwells vertically to a depth below a region of partial 
melting, before spreading radially (Georgen et al., 2001).  Stable lateral propagation for 
appreciable distances requires that the dike be confined to a finite range of depths, by 
the integrated effects of the spatial variations of the magma density, country rock 
density, and country rock stresses (Head et al., 1996).  Sparks and Parmentier (1991) 
suggest that the sloping high-porosity decompaction boundary layer, formed as 
upwelling mantle freezes is important for melt migration beneath mid-ocean spreading 
centres, since it promotes the transport of melt under the force of gravity toward the 
(b) 
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ridge axis.  Along-axis flow away from upwelling centres distributes the melts to form 
non-uniform crust, and its flow/mode of emplacement is effectively decoupled from 
mantle flow (Chen and Morgan, 1990b).  Two plausible non-exclusive geometries for 
porous flow type melt migration are proposed within the mantle; (i) melt migration 
within an interconnected network of veins, or (ii) melt migration within a network of 
grain boundary channels (Phipps Morgan, 1987).  As magma migrates along the axial 
accretionary zone the overlying brittle carapace stretches and fractures.  Magmas then 
use these fractures as conduits to the surface and volcanic eruptions follow in the wake 
of an advancing, cracking front (Macdonald et al., 1988). 
 
Segmentation has a cause and effect relationship with lateral melt migration for example 
during ridge-hotspot interaction, with radial dispersal of melt from an on- or off-axis 
hotspot.  Figure 1.8 shows that segmentation acts to decrease plume waist width 
whereas, transform offsets may act as thermal and mechanical barriers to along-axis 
plume dispersion (Georgen et al., 2001).  However, melting and melt migration may 
profoundly shape the thermal, chemical and rheological structure of a spreading centre 
(Phipps Morgan, 1987).   
 
 
 
 
 
 
 
 
 
 
Figure 1.8  Diagram showing modelled plume-ridge interaction with a segmented ridge.  The dark grey 
circle represents the plume conduit, the light grey shading depicts dispersal of plume material, the arrows 
indicate plume dispersal direction, and thin black lines denote ridge geometry.  Ridge segments with a 
plume signature are emphasised with thick, medium grey shading.  The length of ridge affected by plume 
1, or waist width, is W1.  (a) and (c) show dispersal for a slightly segmented ridge, (b) and (d) show 
dispersal for a highly segmented ridge.  From Georgen et al. (2001). 
(a) 
 
 
 
 
(b) 
(c)
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The laterally migrating magma loses hydraulic head with increasing distance from the 
centre of the magma replenishment, creating a graded axial depth profile along strike 
(Macdonald et al., 1988).  Madge and Sparks (1997) suggest that three-dimensional 
melt migration may be responsible for short-wavelength segment-scale variations in 
crustal thickness.   
 
1.4.3 Volcanic Construction along Ocean Ridges 
 
Volcanic constructions require that the axial lithosphere is thick enough to support them 
and require a significant proportion of the magma supply to the ridge to be channelled 
through the axial lithosphere, instead of forming sills or plutons at mid or lower crustal 
levels (Cannat et al., 1999).  Faulting and fracturing on the median valley floor 
concentrate eruptions along a line of weakness, producing an axial volcanic ridge, 
comprising a layer-cake sequence of seamounts (Smith and Cann, 1992).  Eruptions 
occur rapidly with long periods of intervening quiescence (Macdonald, 1982).  Like 
subaerial eruptions, the length of surface flows and their morphology (hummocky or 
smooth) are controlled by variables such as lava viscosity, effusion rate, cooling rate 
and the angle of underlying slope (Smith and Sandwell, 1997).   
 
Generally, there is a range of eruption conditions along a single dike, which results in 
the construction of volcanic features.  These can include hummocky mounds, 
hummocky ridges, bulbous and flat topped seamounts, and smooth flows (Head et al., 
1996).  Smith and Cann (1992) propose that when rates of eruption are high, flow is fast 
enough to discharge along the whole length of a fissure.  However, when the rates of 
eruption are low, cooling increases the viscosity.  Sauter et al. (2002) observed that the 
freshest-looking volcanic ridges occur at segment centres but relatively recent volcanic 
constructions can also occur at segment ends, as well as in the deep basins marking the 
NTDs.  
 
Volcanic constructions can be classified with respect to their interpreted stages in the 
volcanic cycle.  Their initial construction will commence as magma supply waxes and 
an eventual cessation of construction will occur as magma supply wanes.  Subsequently,    Chapter 1 - Introduction 
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the volcanic fabrics are rafted or split on-axis and eventually undergo tectonic 
dismemberment (e.g. Bideau et al., 1998).  Without consideration of the inherent 
complications in the cycle, a hierarchy of volcanic activity is expected from the initial 
broad flow of low viscosity volcanism from a fissure as sheet flows, to more restricted 
volcanism in the form of pillow lavas.   
 
Where there are restricted conduits for the eruption of magma, seamounts may begin to 
be constructed.  The two most important conditions for seamount formation are; (i) 
volcanism must be focussed into point sources which generate point edifices, and (ii) 
magma must be able to rise buoyantly to the summit of the seamount.  Seamount height 
distribution is likely to be controlled by magma supply, tectonic setting, eruption and 
hydrothermal cooling, all of which ultimately combine to control thickness of the 
crust’s brittle lid (Smith and Cann, 1992).  The marine volcanic forms have been found 
to correspond to subaerial forms.  For example, linear seamounts correspond to fissure 
volcanoes; conical seamounts are similar to scoria cones; and flat-topped seamounts 
correspond to small shield volcanoes (Murton and Parson, 1993).  Generally, the 
summits of seamounts can be identified, particularly from sonar data, as having either 
sharp, pointed tops or flat tops with or without summit craters (Mendel et al., 1997).  
Parasitic volcanic centres can cause summit craters by an initiation of collapse as they 
drain the magmatic supply to the volcano (Sempéré, 1987).  With age, brittle 
deformation of the volcanoes is readily recognised on the TOBI data as extensively 
deformed, fractured and fragmented volcanoes (Parson et al., 1993a).  Although some 
relic seamounts survive in the tectonised areas, they are strongly faulted and have lost 
much of their original shape and height (Allerton et al., 1995).  Sparse observations 
suggest that the tendency for axial volcanoes to split is greater at intermediate to fast 
spreading rates that at slow spreading rates (Macdonald, 1982). 
 
Where volcanic eruptions are strongly related to fault fabrics, axial volcanic ridges are 
built by multiple dike intrusions, which construct their associated eruptive products 
within a focussed narrow region of the axial zone (Smith and Sandwell, 1997).   
However, the position of focussed melt and stress gradient can vary, which results in 
cycles of amagmatic construction and tectonic extension (Murton and Parson, 1993).     Chapter 1 - Introduction 
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Manned submersible observations confirm their architecture to be superposed 
pillow-lava complexes forming mounded flows (Parson et al., 1993a).  AVRs are an 
important volcanic construction along ocean ridges.  The process of fault linkage aids 
their construction since it produces long fractures, which may be exploited by 
volcanism to produce en échelon volcanic ridges.  AVRs are observed to have a crude 
lensoid form with irregularly lobate margins and taper towards irregular, blunt tips 
(Parson et al., 1993a).  In a few locations a volcanic ridge within the neovolcanic terrain 
continues across the tectonised valley floor as a fault scarp, confirming that the 
neovolcanic ridges are sited over normal faults (Allerton et al., 1995).   
 
The amount of magma available at each segment and the composition of erupted lavas, 
as well as, the timing and intensity of tectonic activity may vary in a systematic way 
along strike within ocean ridge segments (Macdonald et al., 1988).  Ma and Cochran 
(1996) observe a rapid transition along axis from an axial high to a shallow rift valley 
on the South East Indian Ridge (SEIR).  They suggest this indicates a temperature 
related mechanism which controls whether an axial high or a shallow rift valley is 
formed.  These observations may be related to a spatially intermittent steady state or 
quasi-steady state magma chamber.  The temperature of a segment has a major effect on 
the distribution of both tectonic and volcanic fabrics within a segment.  This thesis aims 
to examine these patterns of distribution in detail along the CIR (Chapter 5). 
 
1.5  The Central Indian Ridge 
 
The CIR extends north of the Rodriguez Triple Junction (RTJ) and separates the 
Somalian and Capricorn tectonic plates (DeMets et al., 2005).  North of the equator, the 
CIR is continued by the Carlsberg ridge (Figure 1.9).  The CIR spreads at a rate that 
ranges between 54mmyr
-1 near the RTJ to approximately 30mmyr
-1 north of the equator 
(Sempéré and Klein, 1995).  The southern CIR (south of 12°S) is considered an 
intermediate spreading ridge (Drolia et al., 2000).   
 
The CIR is bounded by two aseismic ridges, the Chagos-Laccadive ridge in the east and 
the Mascarene plateau in the west.  Several major fracture zones (Vema at 9°S, Argo at    Chapter 1 - Introduction 
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14°S, Marie Celeste at 18°S and Egeria at 20°) displace the northern part of the CIR 
axis.  The Rodrigues Ridge is a significant bathymetric feature located to the west of the 
CIR, at approximately 18°S.  It extends westwards from the CIR towards the Mascarene 
Plateau.  Three parallel ridges are located off the eastern tip of the Rodrigues Ridge, on 
oceanic crust 4 to 6.5 million years old (Figure 1.9).  These ridges, 20-40km long and 
1500m higher than the neighbouring seafloor, are referred to as the Three Magi Ridges.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9  A location map for the study area created from the GEBCO Digital Atlas (I.O.C. et al., 2003).  
The study area is located within the red box centred along the CIR.  The Capricorn and Somalian Plates 
are also illustrated (DeMets et al., 2005)  
 
A major reorganisation of the Indian Ocean ridge system occurred between 45 and 
50Ma, which for the CIR was marked by a rapid decrease of spreading rate, followed by 
a 50° clockwise change of spreading direction (Dyment at al., 1999).  The analysis of 
the bathymetric and magnetic data for the CIR domain near the RTJ has shown that 
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since at least 8Ma, the CIR was lengthening continuously at a variable rate to the 
southeast. Also, periods of asymmetric and symmetric spreading have alternated 
(DeMets et al., 2005).  Furthermore, the short-lived NTDs and the segments that 
lengthen or shorten along the ridge axis have revealed that the CIR segmentation is 
unstable (Mendel et al., 2000). 
 
1.5.1  The CIR Morphology 
 
The CIR is described as ‘morphologically heterogeneous’ (Kara et al., 1992).  The CIR 
province exhibits a complex morphotectonic pattern dominated by ridge-normal and 
oblique bathymetric lows, interpreted as the off-axis traces of axial discontinuities 
(Mendel et al., 2000).  An increase in crustal thickness along the ridge axis from the 
RTJ to the Marie Celeste Fracture Zone is the preferred hypothesis to account for the 
variations in axial depth and relief along part of the CIR (Briais, 1995).   
 
Hotter mantle beneath the CIR is demonstrated by morphological and geophysical 
anomalies in the vicinity of Rodrigues Ridge, between the Marie-Celeste and Egeria 
Fracture Zones (18°-20°S) (Dyment et al., 1999).  These anomalies, which include a 
shallowing of the bathymetry, are suggested to be a direct effect of the increased partial 
melting adjacent to the Rodriquez Hotspot and a corresponding greater crustal thickness 
(Parson et al., 1993b).  Briais (1995) also suggests that shallow bathymetry reflects a 
density anomaly under the CIR near 18°-20°S, which could result from a thicker crust, 
or a higher mantle temperature.  Despite a relatively slow (full) rate of 45km/my, the 
CIR located between 18° and 20° is characterised by a low roughness, both on the few 
available bathymetric profiles and on gravity anomaly maps (Dyment et al., 1999).   
Briais (1995) comments that the morphological variations appear to reflect the long 
term magma budget and crustal production rate, independent of the 
magmatic/amagmatic phases in the activity of the segments.  
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1.5.2  Segmentation along the CIR 
 
The short-lived NTDs, as well as the segments that lengthen or shorten along the ridge 
axis, reveal that the CIR segmentation is unstable near the RTJ (Mendel et al., 2000).  
Parson et al. (1993b) observe that the segmentation of the CIR occurs by a series of 
ridge axis discontinuities at intervals along strike, ranging from 275km to less than 
30km. The Egeria Fracture Zone is the northernmost of a series of four ridge axis 
discontinuities, which define a broad ridge segment boundary about 100km wide.   
 
A reversed sense of offset (right-stepping to left-stepping) of the discontinuities is 
observed northwards between 18° and 20°S (Parson et al., 1993b).  They suggest that 
this geometry may be attributed to the influence of the Rodrigues Hotspot which results 
in lengthening of segments.  The pattern of segmentation, with long segments and minor 
transient discontinuities inside, may reflect a more robust magma supply and hotter 
asthenosphere.   
 
1.5.3  Observations of the Volcanic Fabrics along the CIR 
 
A broad range of volcanism occurs throughout the CIR, expressed by the presence of 
extensive hummocky terrain, AVRs, cratered and non-cratered seamounts, as well as 
sheet flows including an extensive lava lake recently discovered between 18° and 19°S 
(Murton, 2001).  Dyment et al. (1999) proposed from their geochemical investigation of 
the CIR at 19°S, that it was a slow-spreading centre in a hot mantle environment, and 
there was interaction with the Réunion Hotspot from which the Rodrigues Ridge 
originated.   
 
Geochemical analyses of the few available samples along the CIR indicate a narrow 
corridor where the Mid-Ocean Ridge Basalts (MORBs) are contaminated by hotspot 
material, increasing in signature intensity northwards between the RTJ and the Marie 
Celeste Fracture Zone (Mahoney et al., 1989; Dyment et al., 1999; Murton et al., 2005).  
A more recent geochemical study however, has suggested that although off-axis    Chapter 1 - Introduction 
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structures adjacent to the ridge show contamination from hotspot-derived material, no 
evidence is found on-axis of contaminated MORBs (Nauret et al., 2006).  
 
1.5.4  Observations of the Tectonic Fabrics along the CIR 
 
None of the fracture zones offsetting the ridge extends beyond the Chagos-Laccadive 
Ridge or the Mascarene Plateau (Krishna, 1996).  Amongst the significant fracture 
zones located along the CIR is the Egeria Fracture Zone.  This has a subdued 
topography and occupies a valley approximately 20km wide and 1000m deep.  It also 
exhibits unusual strikingly non-parallel lineaments (Parson et al., 1993b).  Tectonic 
features observed along the CIR include; (i) the rotation of the fault fabric as the RTIs 
are approached, (ii) linkage, splaying, and fault horses associated with fault scarps, (iii) 
AVRs with associated underlying faults through which magma is erupted, and (iv) 
tectonically controlled transform and nodal basins (Parson et al., 1993b).  Further study 
and modelling of these fault fabrics should provide a better understanding of their 
evolution along the CIR, and perhaps show changes in fault fabric in the warmer section 
of the ridge around 19°S (Chapters 5 and 6). 
 
1.6   The CIR Datasets 
 
The primary datasets for the thesis are co-located TOBI sidescan sonar data and 
multibeam bathymetry collected along the CIR axis (Figure 1.10).   The TOBI sidescan 
sonar data was acquired using the RSS Charles Darwin during a research cruise CD127 
to the CIR in 2001 (Parson et al., 2008).  The TOBI data encompassed the neovolcanic 
zone and aimed to image the volcanic and tectonic structure of this ridge, to gain an 
understanding of the underlying geological processes shaping the development of the 
CIR in the recent geological past.   
 
The ridge axis is segmented into eight first- and second-order segments, 9 to 16 (Briais, 
1995).  Segment 15 is further sub-divided into five third-order segments 15a to 15e.  
Eight NTDs (A to H) and three fracture zones are identified within the study area 
(Appendices 2 and 3).    Chapter 1 - Introduction 
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Figure 1.10  Map of the study area including the multibeam (colour) (Dyment et al., 1999) and TOBI 
(black) survey coverage.  (Inset) Study area location map (IOC et al., 2003) showing study area within 
red box, Central Indian Ridge (CIR), South-West Indian ridge (SWIR), South-East Indian Ridge (SEIR) 
and the Rodrigues Triple Junction (RTJ).  The numbered and lettered labels indicate designated segment 
and NTD (underlined letters) nomenclature.  Fracture zone labels indicate Fracture Zone 1 (FZ1), 
Fracture Zone 2 (FZ2) and the Egeria Transform.  Refer also to Charts 1 to 3, Appendix 2. 
 
The bathymetric data was provided by Daniel Sauter (Personal Communication, 2001).  
This dataset is used to analyse in detail the morphology of the CIR along the ridge axis 
and determine quantitatively the variations in structure and morphology between the 
CIR segments.  The co-location between the TOBI and bathymetric datasets also 
provides a means to directly compare the morphology and structure of the CIR, and 
through analysis and interpretation infer the active geological processes shaping the CIR 
within the study area.       
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1.7   Thesis Objectives 
 
The chapters presented in this thesis will be concerned with a detailed analysis of the 
morphological, structural and thermal segmentation of the CIR.  This thesis aims to gain 
a better understanding of the controls on abrupt morphological change, volcano-tectonic 
distribution and ridge structure along the CIR axis.  The high resolution data collected 
within the study area in conjunction with powerful analysis tools such as the 
Geographical Information System (GIS) software (Chapter 2) provide an important 
opportunity to study these processes in detail.  
 
•  Chapter 2 describes in detail the datasets and techniques used for the qualitative 
and quantitative analysis of the CIR within this thesis.  This chapter also 
examines the software and workflows used to assemble, interpret and analyse 
the data within the study area.  A description of the implementation and 
importance of GIS for this analysis is given.  In addition, the principles and 
background to the numerical modelling used in Chapters 6 and 7 are also 
described. 
 
•  Chapter 3 will assess the regional morphology and tectonics of the CIR.   
Specifically, the analysis will focus on the Capricorn-Somalian plate motions 
and the calculation of the current plate motion vector and spreading rate within 
the study area.  This chapter will also examine the on- and off-axis morphology 
and compare bathymetric profiles to the lithospheric elevation predicted by the 
GDH1 model, to establish if the lithosphere is anomalously elevated within the 
study area (a broad indication of robust melt supply to the ridge).  
 
•  Chapter 4 will provide a detailed analysis of the morphology of the CIR.   
Analysis of the morphological variation will be used to assess anomalies or 
systematic change in the thermal structure of the CIR, and may indicate 
localised or regional thermal influences on the tectonic and magmatic 
development of the ridge. 
    Chapter 1 - Introduction 
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•  Chapter 5 will analyse the tectonic and volcanic fabrics within the study area to 
gain a detailed understanding of the thermal and structural changes along CIR 
axis.  This chapter will also assess if there is a systematic change in the inter- 
and intra-segment physical properties of the oceanic crust along the ridge.  This 
data will also be used to assess models of ridge geometry as proposed by 
Tuckwell et al. (1996) related to the extensional tectonic fabric, the plate motion 
vector and the plate boundary orientations. 
 
•  Chapter 6 will examine the small-offset NTDs within the study area through the 
use of discrete element numerical modelling.  This chapter will examine NTD 
geometry and the effects of NTDs on the local stress fields along the ridge axis.  
The numerical models will be compared directly with the NTDs present along 
the CIR.  The models will provide an insight into the structural perturbations 
along-axis and the implications of complex fault populations on spreading ridge 
processes. 
 
•  Chapter 7 will provide a discussion of the morphological, tectonic and volcanic 
data and analyse the results to construct a model which explains the observed 
transitions in the morphology and volcano-tectonic fabrics.  This chapter will 
also integrate the results and expand the scope of the numerical modelling 
methodology presented in Chapter 6 with the application of the NTD models 
along the Mid-Atlantic Ridge (MAR).  New geochemical data acquired within 
the study area is also used to examine the locations of hydrothermal signatures 
along the CIR.  An analysis is made of correlations with the CIR NTD 
modelling and segment structures presented in Chapters 4, 5 and 6.  This chapter 
also considers the areas of further work which are necessary to gain a more 
complete understanding of the CIR within the study area and apply the 
knowledge gained from this work to other ridge environments.      Chapter 2 - Data Acquisition and Interpretation 
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Chapter 2 
Data Acquisition and Interpretation 
 
The Central Indian Ridge (CIR) is characterised by significant structural and 
morphological variation along its axis.  High resolution sidescan sonar data provides an 
effective method of observing the textural and lithological boundaries on the seafloor, 
from which structural and geological processes can be inferred.  The acquisition of 
co-located multibeam bathymetry aids the interpretation of the sidescan data and allows 
digital terrain models, detailing morphological variation to be constructed.  To optimise 
the analysis of this data, robust methods of data acquisition, processing, integration and 
interpretation are implemented and reviewed in this chapter.  Furthermore, the 
background to the modelling of Non-Transform Discontinuities (NTDs) developed in 
Chapter 6 is reviewed. 
 
2.1 The Towed Ocean Bottom Instrument (TOBI) 
 
A sidescan sonar instrument produces acoustic images of the sea floor by transmitting 
regular pulses of sound perpendicular to the instrument’s track, and displaying the 
echoes of the acoustic returns against time.  The instrument scans across the seafloor 
whilst being towed through the water column behind a survey vessel.  The degree to 
which, the scattered acoustic energy is returned to the instrument, is dependent on the 
acoustic reflectivity and physical properties of the insonified seafloor.  
 
The sidescan sonar data along the CIR was acquired using the Towed Ocean Bottom 
Instrument (TOBI) during the CD127 cruise in 2001, utilising the survey vessel RSS 
Charles Darwin (Parson et al., 2008).  The TOBI vehicle has been used extensively to 
map the seafloor throughout the world’s oceans.  TOBI acts as a stable platform to 
transmit and receive acoustic signals, and carry a wide range of oceanographic    Chapter 2 - Data Acquisition and Interpretation 
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instruments (Le Bas et al., 1995).  TOBI comprises an instrumented vehicle 4.5m in 
length (Figure 2.1), towed on a conducting cable from a ship, via a depressor weight 
and an umbilical (Murton et al., 1992; Parson et al., 1993a).  TOBI can be operated at 
altitudes of 200-400m above the seafloor in water depths of up to 6000m, with a 
maximum tow speed (dependent on water depth) of 3 knots.  The ability to deep tow 
this vehicle close to the seafloor along with the developments in digital image 
processing have revolutionised the way in which the seafloor can now be visualised and 
interpreted.   
 
The CIR data was acquired by the installed 30-32kHz dual-sided sidescan sonar 
instrument.  In order to correct the acquired data in post-processing and feed real-time 
information to the operators, parameters such as pitch, roll, heading, speed and 
hydrostatic pressure are also measured by the TOBI instrument.  The acquired data is 
recorded to magneto-optical discs from which data can be replayed and processed.  
 
The resolution of the acquired sonar data is primarily governed by the acoustic beam 
width, formed by the transducer and the length of the transmitted pulse, which together 
define the size of the footprint.  With a 2.8ms pulse length TOBI can produce a 
footprint approximately 4x7m close to the vehicle track to about 42x2m at the farthest 
range (Hugget and Millard, 1992; Flewellen et al., 1993).  Post-processing of the data 
produces a sidescan image resolution of 6x6m for analysis.   
 
The sonograph records the intensity of the acoustic signals backscattered from features 
or ‘targets’ on the seafloor in graphical form.  The TOBI signal processing hardware 
condenses the range of acoustic intensity to a 256 level greyscale in order to produce the 
sonograph image.  Usually, a sonograph has a polarity where white (colour value 0) 
represents an acoustic return of high intensity, and black (colour values approaching 
255) represents acoustic returns of very low intensity.  Where returns are prevented or 
obscured, black acoustic shadows (colour value 255) are produced. 
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Figure 2.1  The towing configuration for the TOBI vehicle (Flewellen et al., 1993).  The vehicle is 4.25m 
long and 1.45m high and weighs 2 tonnes in air.  A single-coax cable carries power and all the signals 
between the ship and the vehicle.  Buoyancy in the water column is provided by 1.5m
3 of 
pressure-resistant or syntactic foam.  The sonar transducers operate at different frequencies (32.15kHz on 
the port side and 30.37kHz on the starboard side) to minimise cross-talk.  The acoustic footprint varies 
from approximately 4m along-track by 7m across-track under the vehicle, to approximately 40m 
along-track by 2m across track at far range.  After processing the sonograph resolution per pixel is around 
6x6m.   
 
The TOBI sidescan sonar imagery for the CIR was acquired along 6km wide single 
track swaths at the northern and southern ends of the survey area, covering along axis 
distances of 98km and 105km respectively.  Two parallel swaths were acquired, with a 
5km separation to obtain 100% coverage over a region approximately 362km along-axis 
and 11km across-axis.  Where the two adjacent swaths were acquired by the TOBI 
sidescan, the acoustic coverage encompassed the inner valley floor and the innermost 
axial valley walls.   
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2.1.1  Processing of the TOBI Data 
 
Although water is a relatively low loss media for the transmission of sound, the received 
acoustic signals are degraded through spherical spreading, absorption and scattering   
(Le Bas et al., 1995).  Processing algorithms can be applied to the TOBI sidescan data 
to improve data quality and interpretability.  The earliest stage in processing the TOBI 
data involves applying a time-varied gain (TVG).  The TVG is automatically applied to 
the acoustic returns by the acquisition hardware, to compensate for the reduction in 
signal strength due to energy losses with increasing range from the vehicle. 
 
Processing of the data is also required for radiometric and geometric correction to 
produce an image of the seafloor composed of square pixels.  Post processing requires 
dedicated computer software such as, the Processing of Remotely-sensed Imagery for 
Seafloor Mapping (PRISM) processing software, developed specifically to process the 
TOBI data (Le Bas and Hühnerbach, 1999).  The arrival time of a return from a target is 
proportional to the distance travelled from the transducer to the target, and is referred to 
as the ‘slant range’.  To correct for the distortion of the data due to differences in the 
slant range relative to the true ground-range, a geometrical slant-range correction is 
applied.  The slant-range processing requires altitude data obtained from the profiler 
onboard the TOBI vehicle.  Filters are applied to the profiler data to correct for any 
oscillation in the altitude measurements and to make allowances for any loss in the 
tracking of the seafloor.  There can also be distortion of the TOBI imagery along track 
due to the varying speed of the vehicle over the ground.  To correct for this, lines can be 
repeated or removed to account for the varying distance actually covered.  These 
corrections produce a sonograph which, when fully processed and georeferenced, will 
represent to scale the true distances on the seafloor perpendicular and parallel to the 
vehicle track.   
 
There are various stages in post-processing of the TOBI data which are concerned with 
removing noise.  Specular noise or sharp single pixel peaks and low intensity swath 
lines, referred to as ‘dropouts’, are an inherent problem with sonar imagery.  The 
acoustic beams transmitted by TOBI are only 0.8° wide, which increases the resolution    Chapter 2 - Data Acquisition and Interpretation 
 
 
 
   2-5 
of the imagery but also increases the number of line ‘dropouts’.  Low intensity swath 
lines are generally attributed to beam directivity.  If an acoustic beam is emitted in a 
particular direction and subsequently the vehicle then yaws, the vehicle and therefore 
the receiver array will rotate to face in a slightly different direction.  As a result the 
intensity of the received signal may be significantly reduced.   
 
Reducing these types of noise on the TOBI records involves:  
 
(i)  Specular noise; using a 3x3 pixel median filter or kernel to scan across the 
data pixel by pixel.  The median value is compared with the positional 
central value and a correction is applied to the central value based on an 
acceptable difference threshold. 
(ii)  Intensity dropouts; using a ratio of 2 boxcar filters with an appropriate 
thresholding technique to determine whether the values are in fact noise or 
natural variation derived from the acoustic properties of the seafloor. 
 
The interpretation of the CIR data requires the geocoding of the TOBI imagery onto a 
geographic map with a known pixel size, map projection and map limits.  Accurate 
geocoding relies on accurate positioning of the vehicle during acquisition.  Position is 
achieved by calculating layback via cable out data and vessel positioning using a Global 
Positioning System (GPS).  Dedicated software such as PRISM (Le Bas and 
Hühnerbach, 1999) reduces the post processing of positioning to a series of integrated 
steps.  The processing algorithms contained within PRISM correct the sonar imagery for 
lag in the ships velocity after heading or velocity changes, and allow accurate 
georeferencing and mosaicking of the data.   Once this is done and the TOBI images are 
converted in to a suitable raster format, they can be imported into a processing or 
Geographical Information System (GIS) package, such as the UNIX based Erdas 
Imagine or PC based ArcView GIS software. 
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2.1.2  Interpretation of the TOBI Sidescan Data along the CIR 
 
The data acquired by the TOBI system is used along the CIR to map and analyse the 
distribution of neotectonic and neovolcanic features within relatively young crust along 
the ridge axis.  Within the study area the CIR has a full spreading rate of approximately 
45mmyr
-1 (Dyment et al., 1999).  Assuming a constant spreading rate the 6km swath 
(perpendicular to the spreading direction), will insonify seafloor representing 
approximately 0.27Myr.   
 
The TOBI data has been used to identify targets along the CIR, which include 
morphological features, regions of high acoustic reflectivity, acoustic textural 
boundaries related to substrate, and tectonic and volcanic features or lineaments.   
Acoustic reflectivity is a function of both the acoustic properties of the seafloor, the 
aspect of the targets relative to the vehicle track and the grazing angle at which the 
acoustic energy insonifies the target.  A prominent and continuous acquisition artefact 
along the TOBI record is the distorted data directly underneath the vehicle’s track, 
referred to as the nadir.  Reduced data quality is also produced through edge effects at 
the outer edges of the swath.  Such artefacts in the data can lead to an underestimate of 
the abundance of the target groups (i.e. tectonic or volcanic fabrics). 
 
To demonstrate the interpretive method used along the CIR, a number of data examples 
of the volcanic and tectonic terrains within the study area are presented in this chapter 
and described based on their acoustic and textural properties.  This interpretive process 
is the first fundamental step in describing and understanding the geological processes 
occurring along CIR. 
 
2.1.2.1  Tectonic Interpretation 
 
Along the ridge axis the acoustically resolvable tectonic fabrics such as faults and fault 
scarps, appear as relatively linear, strongly backscattering features.  Some of the 
lineations observed with a low backscatter intensity are viewed as shadows cast by fault 
scarps facing away from the instrument (e.g. Parson et al., 2000).  The TOBI imagery    Chapter 2 - Data Acquisition and Interpretation 
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shows an abundance of tectonic fabrics at a range of scales within the study area.  Two 
types of faulting are identified, (i) inward axis facing (synthetic) faults, and (ii) outward 
facing (antithetic) faults (Figure 2.2).   
 
 
   
     
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  (a) and (b) An example of antithetic faults along the CIR, identified by a dark shadow zone 
away from the direction of insonification.  (c) and (d) An example of the numerous synthetic faults along 
the CIR, which are identified by the high reflectivity of the fault surface facing towards the direction of 
insonification.  The fold-out legend for all interpretive figures throughout this thesis is presented in 
Appendix 4.   
 
The rift valley walls are well developed in many of the segments along the CIR, 
particularly where they are relatively deep (Figure 2.3).  These are significant 
bathymetric features, with heights up to 900m above the axial valley floor.  The large 
escarpments are easily identified and interpreted due to their broad, linear and high 
intensity signatures on the TOBI imagery.   
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Figure 2.3  (a) and (b) Many of the larger faults show bifurcation and branch to form complex braiding 
structures.  (c) and (d) A large escarpment forming the innermost part of the axial valley wall.  In this 
example there are numerous fault strands, the largest of which cross-cut each other to form an isolated 
block or fault horse.  Subordinate faults located nearer to the axis show complex braiding structures.  
 
Lower intensity regions associated with the escarpments, sometimes on the fault faces 
but usually at their bases, are associated with sediment of talus deposits.  Some sections 
of the escarpments also show diminished acoustic reflectivity where finely faulted, stair 
stepped structures are present as a result of the intense fracturing of the crust as the 
valley floor is lifted up into the valley walls.     
 
The larger faults also exhibit a cross-cutting structure clearly observed on the TOBI 
records.  Blocks of crust isolated between intersecting faults, referred to as fault horses 
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are identified.  The faults within the study area also show a well observed pattern of 
diminishing throw towards their ends.  Where the fault size diminishes, the faults 
frequently branch into smaller-scale structures, particularly along the axial valley walls.  
These smaller faults further separate into intricate braided structures which disappear 
below the resolution of the sonar record.   
 
Significant along-axis perturbations of the fault fabric orientations observed along the 
CIR are caused by both major features such as, fracture zone offsets and also by NTDs 
(Tyler et al., 2007).  At the terminations of the segments which form the discontinuity, 
complex and cross-cutting small-scale fault populations are observed.  There are eight 
NTDs (A to H) within the study area (Charts 1 to 3, Appendix 2).  Their detailed 
interpretation has an important role in analysing the formation and the effects they have 
on the structure and processes occurring along the CIR (Chapters 5 and 6).          
 
Where the rift valley and the rift valley walls intersect with the large fracture zones 
along the CIR, referred to as Ridge Transform Intersections (RTIs), significant changes 
to the orientation of the ridge axis are observed (almost 90°).  RTIs are areas of 
significant tectonism, sedimentation (shown as very low intensity regions on the TOBI 
record) and accumulations of reflective pillow mounds, forming hummocky textured 
terrains.  Volcanoes and significant Axial Volcanic Ridges (AVRs) (Chart 3, Appendix 
2 and Chapter 5) are commonly observed along the CIR at the ends of the median 
valley, and in proximity to the RTIs.   
 
The most extensive tectonically controlled provinces of a spreading ridge are the 
fracture zones which offset the CIR by as much as 65km.  Within the study area there 
are three fracture zones including the Egeria Fracture Zone (Figure 2.4), which has 
previously been described by Parson et al. (1993b).  
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Figure 2.4  A composite image of the bathymetry data overlain by the TOBI data covering the Egeria 
Fracture Zone.  The bright fault fabrics along the active strike-slip zone are clearly visible.  Running 
along the strike-slip zone are the walls of the Transform valley with associated erosional gullies 
perpendicular to the valley orientation. 
 
The transform valleys are lined with erosional gullies and as bathymetric lows 
(particularly the nodal basins located at the intersections of the segments and transform 
fault), will be significant areas of sediment deposition.  The principal transform fault 
zone is composed of a complex system of closely spaced anastomising faults.  It is clear 
that in addition to the reflective faults faces, the base of the transform valley is well 
sedimented with a significant coverage of moderate to low reflectivity material.  All of 
the fracture zones are tightly constrained within valleys no wider than 8km and 
generally less than 5km wide.  The fracture zone valleys contain continuous and 
spatially constrained non-parallel lineaments only 1-2km wide which are clearly 
resolved by the TOBI imagery.   
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Figure 2.5  TOBI imagery and co-located interpretation of the RTI between Segment 14 and the Egeria 
Fracture Zone.  TTZ refers to the Transform Tectonised Zone and TFZ refers to the Transform Fracture 
Zone.  PTDZ refers to the Principal Transform Displacement Zone.  A large AVR is located at the end of 
Segment 14 adjacent to the RTI.  Very low acoustic intensity on the sonar reveals the position of the 
nodal basin, a bathymetric low marking the central region of the RTI.  As a bathymetric low this region 
facilitates significant sediment deposition.  
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The main interpreted zones found within the transform faults are defined by (Karson 
and Dick, 1983) and include:  
 
(i)  The transform domain, which is the region encompassing all the ocean crust 
which is affected by the transform. 
(ii)  The Transform Tectonised Zone (TTZ) where the transform related faulting 
occurs. 
(iii)  The Transform Fault Zone (TFZ), which is a zone of braided faults that 
accommodates the strike-slip motion within the transform. 
(iv)  The currently active strike fault traces called the Principal Transform 
Displacement Zone (PTDZ). 
 
For two of the three fracture zones within the study area a type of transverse ridge, 
called a median ridge, is observed near the centre of the TTZ, and on the floor of the 
transform valley.  The origins of these features will be discussed in detail within 
Chapter 5. 
 
2.1.2.2  Volcanic Interpretation 
 
The CIR axis is characterised by a narrow zone of recent volcanism.  The axial valley 
floor, and to a lesser extent the axial valley walls, comprise of a patchwork of volcanic 
types, identified from the TOBI data through their textural and acoustic properties.   
Using the TOBI imagery to map both the volcanic and tectonic terrains along the CIR, 
allows the relative interplay of volcanism and tectonism for each segment to be inferred.   
 
The acoustic textural classifications for the volcanic terrains identified along the CIR 
include smooth surfaces associated with sheet or lobate flows, and hummocky terrain 
associated with erupting pillow lavas from restricted edifices.  From the sidescan and 
multibeam data, AVRs are identified by their linear construction and lensoid shape. 
Seamounts are observed on the TOBI imagery by their circular registration and their flat 
tops (with or without a summit caldera).  They may also have a large acoustic shadow 
dependent on their size and position relative to the sidescan track.  The most abundant    Chapter 2 - Data Acquisition and Interpretation 
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volcanic terrain identified on the CIR axial valley floor is the hummocky textured 
volcanic terrain (Figure 2.6).  It appears on sidescan imagery as clearly identifiable 
bulbous accumulations of spheroid-like structures, interspersed with shadows and 
smooth regions of low (sediment) and high (sheet flow) reflectivity.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6  Hummocky terrain surrounding other volcanic and tectonic features.  The bulbous nature of 
the hummocky mounds is clear on the TOBI record, and if erupted along a linear edifice can form AVRs 
or, if confined around a voluminous point source can be associated with seamount construction.  There is 
a strong textual boundary between the base of the escarpment (valley wall) and the hummocky terrain, 
suggesting an accumulation of pillow mounds over faulted terrain at the base of the first valley wall fault. 
 
Hummocks and hummocky ridges are produced as an eruption becomes confined to 
several discrete vents, similar to subaerial spatter cones or spatter ramparts that form 
along fissures.  The bulbous mounds are composed of countless erupted pillow lavas.  
Along the CIR, the hummocky terrains are associated with the inner valley floors and 
the RTIs.  The pillow mounds also accumulate within the fractured and faulted terrains 
of the axial valley walls, and on the flanks of the large seamounts (Chapter 5).     
 
In contrast to the hummocky terrains, smooth textured regions with high reflectivity are 
interpreted as effusive sheet flows and are identified in less abundance along the CIR 
than the pillow lava mounds.  They are frequently observed positioned towards the 
segment centres within the study area (Chart 3, Appendix 2 and Figure 2.7).  In the most 
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northerly ridge segment (Segment 16), an extensive sheet flow has been erupted and has 
resurfaced a significant proportion of the axial valley.  The scale of this lava lake 
suggests a very large amount of magmatic material has been erupted onto the seafloor in 
a short period of time.  Within the smooth texture of the lava lake, underlying features 
are still visible, some of which break the surface.  Around the edges of this feature, 
pervasive small-scale faulting and hummocky terrains are observed.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7  A sheet flow observed within Segment 14.  The smooth terrain provides a strongly 
contrasting texture to the broken and rougher faulted fabric of the fissured and hummocky terrain 
surrounding it.  Some underlying structures can still be observed at the surface of the lava flow in the 
central region.  
 
AVRs are volcanic lineaments observed at various scales in every segment within the 
study area (Figure 2.8).  Generally, AVRs are built by multiple dike intrusions, which 
construct their associated eruptive products within a focussed narrow region of the axial 
zone.  The TOBI imagery suggests that they are composed of erupted pillows aligned 
and built up along a linear edifice.  They invariably have a high acoustic backscatter 
signature on the TOBI data suggesting that they are relatively young features 
constructed over a cycle of eruptive events with frequent resurfacing. 
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Figure 2.8  A large AVR within an NTD offsetting Segments 15a and 15b.  It has a height reaching 100m 
and a length over 5km.  It is surrounded by pervasive fault fabrics characterising the floor of this NTD. 
 
The acoustic shadow observed for elevated objects along the CIR is a good reference for 
both the height of an object dependent on the objects distance from the vehicle track, 
and for observing the irregularity of the profiles of large targets such as AVRs.  The 
acoustic shadows of the AVRs along the CIR suggest a very uneven and turreted 
summit for the larger ridges, giving some idea of their mode of construction through the 
accumulation of pillow mounds at different times along their length.  The fact that they 
are constructed to such heights indicates that they are temporally persistent features.   
 
Seamounts are the fourth broad classification of volcanically derived targets used for 
interpreting volcanic features along the CIR (Figure 2.9).  They have at least two 
different forms on the imagery, either a broad acoustically smooth textured summit 
(referred to as a flat top seamount) or, a flat top with a circular collapse crater or summit 
caldera.   
 
The flat topped seamounts have a circular form and highly reflective flanks where they 
face the TOBI vehicle.  Seamounts that have experienced caldera collapse have dark 
circular edifices at the summit, with the back lip showing high reflectivity and the front 
km  0                                              2 
AVR 
Irregular 
shadow 
 Fold-out Legend in Appendix 4    Chapter 2 - Data Acquisition and Interpretation 
 
 
 
   2-16 
lip producing an acoustic shadow.  The volcanoes are usually associated with 
hummocky textured terrain around their bases and sometimes at their summits.  
 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9  (a) and (b) An example of a flat-topped seamount within the study area.  This seamount is 
experiencing significant degradation and breakup as it is rifted off-axis.  (c) and (d) An example of a 
cratered seamount within the study area.  This seamount exhibits well developed summit caldera and is 
surrounded by tectonic, sheet flow and hummocky terrains.  A summit rim shows significant faulting 
associated with the commencement of the breakup as it rifts off-axis. 
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2.2  Bathymetry Data 
 
The development of Multibeam Echo Sounder (MBES) systems for both shallow and 
deep water surveying has enabled extensive areas of the ocean to be routinely surveyed.   
MBES systems are now used for a range of oceanographic applications and are 
particularly useful for geological mapping.  The production of digital terrain models 
(DTMs) to visualise seafloor topography, and the co-location of the multibeam data 
with sidescan sonar imagery aids interpretation, particularly in areas of complex 
geology.  The application of multibeam swath systems is an invaluable tool in ocean 
ridge environments where there are many targets in relatively close proximity.     
 
2.2.1  Acquisition Parameters 
 
A large number of depth soundings are generated with each pulse transmitted from an 
MBES system, allowing a detailed picture of the seabed morphology to be constructed.  
An acoustic beam is transmitted across the vessel track, producing a wide footprint or 
swath.  The backscattered signal is received by a transducer which segments the 
footprint into a number of smaller beams.  The width of these beams is in the order of 
one to a few degrees depending on the system.   
 
For each received beam, there is a two way travel time or slant range measurement and 
a swath angle measurement (Figure 2.10).  After processing the data these 
measurements are converted to a depth and across axis position.  In the absence of 
errors and vessel motion, these measurements can be converted into depth (D) and 
across-axis positions (y).  D and y are corrected for the effects of vessel pitching, 
yawing and rolling through the use of motion sensors of suitable accuracy.  Refraction 
of the acoustic beam is corrected by using a velocity profile model of the water column, 
collected using a Concentration, Temperature and Depth (CTD) instrument. 
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Figure 2.10  Diagram illustrating the parameters associated with multibeam acquisition (Jong et al., 
2002).  A MBES system allows large regions of the ocean floor to be surveyed in sufficient detail to 
create a DTM, which can be used to supplement geological interpretation of the ocean floor. 
 
The multibeam data along the CIR was provided by Daniel Sauter (Personal 
Communication, 2001).  The swath width across the ridge axis is 15km, with data 
acquired along-axis for approximately 670km (Chart 2, Appendix 2 and Appendix 3).  
 
2.2.2  Processing and Interpretation of the Bathymetry Data 
 
Processing and correction of the acquired data is traditionally achieved through 
numerous software applications using a line by line processing approach.  Usually one 
line of multibeam data is loaded, and section by section the line is investigated for 
defects and outliers, which are manually edited out.  Sound velocity issues, tidal data 
errors and acquisition artefacts which are integrated into the initial processing of the 
data, will be highlighted at this stage of the processing flow. 
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The CIR bathymetry data was processed using IFERMER's CARAIBES (CARtography 
Adapted to Imagery and BathymEtry of Sonars and Multibeam Echosounders) software 
(Dyment et al., 1999).  CARAIBES is a system for the processing of the multibeam 
echosounders and sidescan sonar data.  It is composed of two software programs, 
CARAIBES-RT which combines real time functionalities for bathymetry and 
reflectivity data acquisition, visualization and archiving, and CARAIBES-PP for post-
processing. 
 
2.3  MBES Data Integration and Interpretation 
 
Once processed for errors and anomalous data points, bathymetry data is presented as a 
shaded-relief image, which gives an accurate representation of the seafloor morphology.  
Images are built up by first mapping irregularly spaced soundings or digitised contours 
on to a regular grid, before coding for display on a scale ranging from 0 (black) to 255 
(white).  A colour scale can then be assigned to the coded values.  The resolution of the 
multibeam data collected along the CIR is 20x20m in water depths of 3000m (Dyment 
et al., 1999). 
 
Bathymetry data supplements the sidescan sonar data for example, when interpreting 
fault fabric.  It allows an analysis of the seafloor gradients associated with the faults to 
be easily conducted within GIS software.  This has been essential along the CIR where 
algorithms performed on the bathymetry data have enabled the larger fault fabrics and 
even the larger volcanic constructs to be clearly defined using slope analysis.   
Measurements of the CIR segments in terms of their azimuth, length and width are 
derived largely from the multibeam data (Figure 2.11).  Chapter 4 examines in detail the 
segmentation of the CIR and provides a detailed analysis of the segment-scale 
morphology.   
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Figure 2.11  A shaded relief image of Segment 13.  This is a particularly deep segment, indicated by the 
predominantly blue colour coding of the axial valley floor depth.  The segments ends (En and Es) are 
defined in this segment by the initiation of rotation in the fault fabric (shown in red) as the valley rotates 
into the fracture zones.  Segment length (L) is measured in a straight line intersecting the valley at the 
segment centre between these points.  The axial valley width measurements are taken at the narrowest 
(W1) and widest (W2) points along the axial valley length (L).   The black dashed line shows the location 
of the ridge axis. 
 
A regional bathymetric context for the CIR datasets was gained by integrating them 
with global bathymetric datasets within the GIS software.  The global bathymetric grids 
are of a much coarser resolution than the bathymetry acquired in the study area.  The 
General Bathymetric Chart of the Oceans (GEBCO) digital map used in this thesis is 
gridded at 1 minute (IOC et al., 2003).  Another type of regional dataset used was a 
Free-Air Anomaly (FAA) gravity grid (Smith and Sandwell, 1997).  The coarser data 
sets were used for general seafloor elevation reference which proved useful in 
visualising the off-axis topography, regional elevation and off-axis traces of the ridge 
discontinuities. 
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2.4  GIS Implementation for the CIR 
 
With advancements in acquisition technology and the complexity of multidisciplinary 
surveys, data integration and analysis requires the implementation of increasingly 
powerful data management and analytical software (Wright, 1994).  The GIS has 
revolutionised the interpretation and analysis of large spatial datasets (Wright, 1999).  
Most definitions identify GIS as a computerised database software system which 
performs functions of input, management, analysis, and output, where every ‘object’ or 
‘feature’ has a precise geographical location. 
 
2.4.1  The Geodatabase: Data Integration  
 
A GIS system, such as ArcGIS
TM, organises and integrates geographical data into a 
series of thematic layers and a relational database management system (RDMS) or 
geodatabase.  These geographic datasets are georeferenced and are attributed with 
geographical coordinates.  Careful consideration must be given to the projection of 
georeferenced datasets within the GIS workspace to ensure correct real-world 
positioning.   
 
A geodatabase can be designed so that certain features will be represented in a particular 
way for example, as polygons, polylines and points.  These features are collected in 
discrete classes or feature classes, in which each object has a common geographical 
representation.  This facilitates the definition and analysis of spatial relationships, such 
as topologies and networks of features.  
 
One of the most important requirements for this study is that the software can perform 
the integration of data gathered from multiple sampling platforms and disciplines 
including geological, geophysical, structural and numerical datasets, for analysis and 
interpretation.  The advantages of working with marine geophysical data within a GIS 
environment are that data sets can be superimposed and layered in an organised way, to 
allow direct comparison for example, between the TOBI sidescan sonar data and the 
underlying bathymetry dataset (Figure 2.12).  The correlation of these datasets with    Chapter 2 - Data Acquisition and Interpretation 
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special adjustment tools allows correction of positioning, largely focussed on the TOBI 
data due to the inherent errors of a towed instrument relative to a hull mounted 
multibeam echo sounder.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 2.12  GIS workflow for the analysis of the CIR data.   The workflow excludes the export of the 
feature attributes to external software packages for further processing and presentation of the data. 
 
Adjustments to the position of the sidescan grids can be achieved by geocoding the 
raster image using at least three points of reference for translation to a new position.  
Fixed adjustments such as rotation and translation are also available with the GIS 
software.  Geological features imaged on both the bathymetric and sidescan data are 
excellent points of comparison for positional error and are good references for 
readjustment.   
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2.4.2  Raster Image Attributes and Analysis 
 
The Spatial Analyst module in the GIS software allows a detailed analysis of raster 
datasets and the coded values within them.  The analysis options utilised for the CIR 
datasets include contouring, slope analysis and neighbourhood analysis.  The contouring 
tools allow easy manipulation of the contouring parameters and their presentation and 
annotation.   One use for these contours has been to overlay them on top of the sidescan 
data during the interpretation process to better define the extents of larger scale features 
and check the positioning of the TOBI data. 
 
Slope analysis conducted on the bathymetric dataset was useful in defining the extents 
and aspects of the significant tectonic and volcanic features within the study area 
(Figure 2.13).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13  Slope analysis data derived from the CIR bathymetric grid within the GIS software.  Colour 
coding parameters can be set to highlight critical slope angles within the study area (illustrated by the 
colour scale bar).  The significant slope values (up to 62°) within the study area are associated with the 
axial valley wall escarpments. 
 
Whilst interpreting the tectonic fabrics the slope analysis grid proved a useful guide and 
overview of the tectonic distribution as a precursor to the detailed numerical analysis 
provided by the attribute table calculation (Section 2.4.3).  The slope analysis was 
particularly effective in highlighting the linear nature of the axial valley walls and 
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tectonic features, the lensoid profile of the AVRs and the circular profiles of the 
seamounts.   
 
Three dimensional visualisation is achieved through the ArcScene
TM module within the 
ArcGIS
TM software suite (Figure 2.14).  The bathymetric data set can be viewed as a 
three dimension model, using the x, y and z values to drape images in 3D onto the 
bathymetric grid.  For the CIR dataset the draping of the TOBI imagery onto the 
bathymetry enabled visualisation of complex areas to understand the structures present 
within the axial valley and along the axial valley walls.  One region of particular interest 
for visualisation was the median ridges identified within the transform valleys (Figure 
2.14).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14  A DTM of the median ridge within Fracture Zone 2 with a draped image of the sidescan data 
inset.  The ability to view complex regions along the CIR in 3D has enabled a better understanding of the 
morphologies and spatial relationships between features.   
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2.4.3  Feature Class Analysis: The Interpretation and Analysis of the Volcano-
Tectonic Fabrics 
 
The feature classes (points, polylines and polygons) were used for the interpretation of 
the volcanic and tectonic fabrics.  Faults are represented as polylines with length and 
azimuth attributes.  Areas of different volcanic types, shadows and broad fault scarps 
are represented as polygons with feature type and area attributes (Figure 2.15).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15  The GIS attribute table and Graphical User Interface (GUI).  The creation of fields in the 
attribute table allows the user to input further attributes for the objects in the feature layer.  Customised 
analysis of feature properties can be carried out by entering visual basic scripts or formulae into the 
calculator.  Subsets of data can be selected and extracted from the geodatabase using SQL database 
enquiry commands. 
 
The attribute table can be used to obtain further information on individual features or on 
the feature set as a whole.   Statistical information and searches or additional attributes 
for the features in the class are available through visual basis scripts, e.g. azimuth 
calculations, mid points or grid coordinate calculations and SQL geodatabase enquiries.   
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2.4.3.1  Tectonic Fabric Analysis 
 
Four parameters were measured to define the nature of the tectonic distributions within 
the study area.  These included fault azimuth (useful for intra-segment variations in 
stress distribution), fault length, fault density and fault spacing.  Fault length analysis 
was conducted through a detailed interpretation of the sidescan sonar data, with close 
reference to the contoured bathymetric grid and the slope analysis raster (for the larger 
tectonic fabrics).  The analysis only included the fault traces clearly resolved by the 
TOBI data which were not associated with the other fabrics such as, faults underlying 
the AVRs and areas where fault length may have been censored by volcanic 
construction.  In total, 4500 fault traces were interpreted, which provided a sufficient 
population to conduct a detailed analysis using attribute table functions within the GIS 
software.  A variable such as length entered into an attribute table can also be colour 
coded.   
 
Using the fault interpretation, fault density was calculated as a normalised measure of 
faults per kilometre (Figure 2.16).  The fault traces were counted within a defined area 
through selection of the shapefile components.  The attributes of the selected shapes 
were then exported to external software for analysis.   
 
Calculation of fault spacing required a more rigorous approach to extract the data for 
analysis (Figure 2.17).  The first stage was to define transects across which the distances 
between the interpreted fault traces would be measured.  Five transects per segment 
were used to ensure coverage of the segment centre and ends, and to gain a sufficient 
population of data.  The five transect positions for each segment, were calculated by 
dividing and marking the positions along the ridge axis at 10, 25, 50, 75 and 90% of the 
segment’s length.  The end transects were offset by 10% to ensure that the fault data 
was not influenced by the segment end processes, associated with the discontinuities 
and RTIs.  A calculation routine (VisualBasic
TM macro) was used within the GIS to 
detect the intersection of the interpreted fault traces with the transect lines.  The 
intersection points were output as a point shapefile.   The results of this analysis are 
shown in Figure 2.17.      Chapter 2 - Data Acquisition and Interpretation 
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Figure 2.16  (a) TOBI and bathymetry data along Segment 14 from which the tectonic fabric was 
interpreted.   (b) Diagram showing fault analysis for Segment 14 and an illustration of how the 
calculations for length and azimuth were conducted.  (c) Azimuth is calculated at 5 points along the fault 
at 10, 25, 50, 75 and 90% of its length and averaged to derive a single value of azimuth.   Fault length is 
simply calculated as the distance between the end points along each interpreted fault polyline (not a 
straight line distance between the end points).  (d) Fault density is calculated by an automatic count of 
faults within a specified area, shown in yellow in (b), based on the criteria for segment length and width 
given in Chapter 4.  The number of faults is divided by area to give fault density (faults/km
2).  
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Figure 2.17  Fault spacing analysis conducted within the GIS software using the interpreted fault traces 
(shown in red) and the desired profiles lines (shown as black lines).  A macro in the GIS software was 
used to detect the intersection of the fault traces with the profile lines (both polyline shapefiles), and plot 
a point (as a point shapefile) at the intersections (shown by the blue triangles).  The attribute table for 
these points was populated with map coordinates and the data exported to spreadsheet software for 
calculations of spacing. 
 
2.5  Numerical Modelling Methodology 
 
Numerical analysis conducted using finite difference software is used to understand the 
structures associated with the NTDs within the study area particularly, the perturbations 
in the fault fabric orientations.  The analysis, results and implications of this work are 
detailed in Chapter 6. 
 
A finite difference software package called FLAC (Fast Lagrangian Analysis of 
Continuua) is used to model the NTD geometries (ITASCA, 1999).  Algebraic 
expressions written in terms of the field variables, such as stress, are calculated at 
discrete or nodal points in space, with each calculation occurring over a time step 
Intersection Points 
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defined by the software.  This software allows easy specification and modelling of plane 
stress problems, such as the 2D stress distribution problem for this study.    
 
The lithosphere was modelled across the grid as a homogenous and isotropic elastic 
medium (Grindlay and Fox, 1993).  The effective segments were modelled as Mode I 
cracks, which are cracks opening without shear and under the action of an effective 
tensile stress (Sneddon, 1946; Engelder, 1993).  These were modelled as a linear series 
of grid nodes (running north to south), which have zero tensile strength and are 
therefore free to open under an applied tensile stress.  Stress is applied to the edges of 
the grid and normal to the segment orientations to model the divergent far-field stresses 
associated with seafloor spreading.  The upper and lower edges of the grid were fixed in 
position to reduce distortion as tensile stress was applied causing deformation within the 
grid.  The fundamental model parameters are summarised in Table 2.1.  
 
Table 2.1  A summary of notation and numerical model parameters. 
Variable Description Calculation Value Units  Reference
ρ Crustal  density - 2530 kgm
-3  (Johnson, et al., 2000)
σ Poisson’s  ratio  - 0.46 (Wright, 1998)
Vp Compression  wave  - 3.92 kms
-1  (Johnson, et al., 2000)
Vs Shear  wave  velocity Vs  =  Vp/((1- σ)/(0.5- σ)
½)1 . 0 7 k ms
-1 (Jones,  1999)
μ Shear  Modulus  μ =Vs
2. ρ 2.90e
9 Pa (Jones, 1999)
K  Bulk Modulus  K =Vp
2. ρ –
4/3 μ 3.20e
10 Pa (Jones, 1999)
T0 Tensile  Strength - 6 MPa  (Wright, 1998)
σ0  Cohesion  - 50 MPa  (Behn, et al., 2002)
Δ Dilation angle - 45 ° - 
f Friction  angle - 45 ° - 
 
 
Figure 2.18 shows a single crack simulation using FLAC, with the filled contours of the 
modelled stresses for a single model I crack in a homogenous medium, overlain with a 
contoured theoretical stress field distribution for a mode I crack (Atkinson, 1987).   
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Figure 2.18  Comparison between a theoretical model of mean stresses (black line contours and labels) 
around a mode I crack (Atkinson, 1987), and the mean stresses generated by the FLAC numerical model 
(filled coloured contours) surrounding mode I crack under a tensile stress.  The FLAC model’s contours 
represent 0.1 increments of change in the mean stress.  The values are shown in blue and white. 
 
The results show a very good correlation in both the distribution and magnitude of the 
mean stresses around the crack and demonstrates that the FLAC model is suitable for 
use in this study.  Contours of stress show that directly adjacent to the crack tips the 
stresses are at their greatest magnitude as the crack attempts to propagate under the 
influence of the tensile far field stress (Engelder, 1993).  These stresses are oriented 
normal to the crack orientation.  Stresses surrounding the crack tip are subject to 
rotation which would permeate a considerable distance into the lithosphere.   
 
The CIR segments were modelled as mode I cracks.  At small offset NTDs the 
rotational stress fields generated at the tips will interact.  This interaction will amplify 
the magnitudes of the stresses in this region and increase the degree of rotation of the 
stresses and tectonic fabrics in the NTD interior.  For each of the segment tip 
geometrical configurations a point of reference is required to monitor the rotational 
effects in the NTD stress field.  Figure 2.19 illustrates the measurements associated with 
the NTD offsets and measured angles.  
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Figure 2.19  The measurement criteria for the tensor rotation angle and aspect ratio, for a left-stepping 
sense of offset.  The thick black lines represents the segment interpretation, the thin grey lines represent 
bathymetric contours.  A left-stepping sense has the tensor rotation angle θL.  The geometry of the NTD is 
defined using an aspect ratio of (Y/X).   
 
Experiments conducted with a wide range of geometries within the finite difference 
models, suggest that the stress tensor located centrally between the segment tips, is a 
reliable predictive marker for the degree of rotation and nature of the central shear zone 
stress field.  The segments were modelled as north-south trending mode I fractures, 
when required either a constant across-axis or along-axis separation.  This ensured that 
the models remained applicable to those geometries observed on the CIR through 
simple scaling and rotation to match the strike of the CIR segments.  Two major sets of 
experiments were run, the first set included across-axis separation of the segments in 
both right- and left-stepping geometries (Figure 2.20).  
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Figure 2.20  Results from the across-axis separation experiments, where separation in model units is 
plotted against the rotation of the stress tensor located centrally between the segment tips, for right- and 
left-stepping configurations.  Beyond a separation of 10 grid units very little variation is seen in the 
rotation of the tensor.   
 
The second set of model experiments included along-axis separations of the segment 
tips for both right- and left-stepping geometries, ranging from overlapping to 
underlapping configurations for an along- to across-axis (along-axis/across-axis) 
separation ratio of up to 10 (Figure 2.21).   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.21  Results from the along-axis separation experiments, where separation in model units is 
plotted against the rotation of the stress tensor located centrally between the segment tips, for right- and 
left-stepping configurations.  Significant rotation is observed throughout the experiment, with a rotational 
range of 57°.  This suggests that the along axis separation of the segment tips is a dominant factor in 
stress field changes within an NTD.  This graph provides a useful tool for calibrating observed rotation in 
the CIR NTD shear zones.  
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For the first set of experiments monitoring across-axis separations effects, the 
along-axis separation was set to one, therefore isolating the rotational effects of 
along-axis separation.  The central tensor orientation was recorded for the range of 
configurations in both right- and left-stepping senses of offset.  The results showed 10° 
of rotation occurring within the first 10% of the total across-axis separation.  However, 
only 3° of separation occur for the remaining 80% of the total across-axis separation.  
These results show that decoupling of the respective stress fields for each segment tip 
occurs over relatively short across-axis separations, and therefore suggests that the 
across-axis propagation extension of the shear stress for each tip is limited for both 
right- and left-stepping senses of offset.  
 
The results from the across-axis experiments require a significant adjustment to be made 
to the model geometries concerning along-axis separation effects.  Since little variation 
occurs beyond 10% of the separation across the model grid, a separation greater than 
10% was used for the across-axis separation experiments.  This ensured the minimum 
component of orientation is attributable to across axis separation whilst, maintaining the 
necessary separation for observing the changes in interaction attributable to along-axis 
separation.  For the same range of separation used for the across-axis experiments, 57° 
of tensor orientation change is recorded.  The results show that the propagation of 
stresses along-axis ahead of the segments tips is far greater than the across-axis 
component of stress.  Based on these results the along-axis configurations were 
regarded as the dominant control on tensor rotation.  The range of variation shown by 
the along-axis experiments was used as a method of correlation between segment tip 
separation ratio and the observed fabric rotation for analysis of NTDs along the CIR. 
 
The dominant observable features of NTDs along the CIR include pull-apart basins and 
tectonically controlled constructional ridges, also referred to as septal offsets (Spencer 
et al., 1997).  The obliquity of these features together with measurements of the 
surrounding fault fabrics are used as a means of measuring stress rotations with the 
NTDs.  They were also used as a point of reference for co-location of the models, 
represented as both vectorised stress tensor distributions and filled contour plots.  Once 
a model was selected using rotational measurements from the along-axis separation    Chapter 2 - Data Acquisition and Interpretation 
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experiments, it was scaled within the GIS software (keeping the aspect ratio constant).   
It was scaled using the separations of the interpreted neovolcanic traces for each 
segment and the separation of the cracks/segments in the model (Figure 2.22).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22  Scaling and positioning of the selected numerical model to the CIR NTD fabrics.  An 
observed feature and its rotation was matched with a specific model geometry.  (a) The model was scaled 
(maintaining the aspect ratio) by aligning the segments in the model with the neovolcanic zones 
interpreted for the respective segments along the CIR.  (b) The model was moved along-axis until the 
central tensor is positioned over the central region of the observed point of reference.  (c) When the points 
of reference on the model and survey data are aligned, a predicted stress field and segment tip location 
was provided from the model for the orientations observed within the NTD. 
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The model is then placed in position along-axis by co-locating the central tensor with 
the centrally located feature or point of reference interpreted from the survey data.  This 
method allows the model to predict the positions of the segment tips independently from 
the interpreted segment tip positions interpreted from the bathymetry and sidescan data.  
In Chapter 6 three NTDs are used for model comparison and analysis along the CIR.  
Within Section 7.4 three NTDs are analysed along the Mid-Atlantic Ridge (MAR). 
 
Chapter 3 will now use the datasets and techniques within the GIS software outlined in 
this chapter to examine the regional scale processes influencing the morphology and 
structure of the CIR within the study area.    
  
                                                Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
 
 
 
        3-1 
 
Chapter 3 
A Regional Analysis of the Central Indian Ridge Province 
 
The Central Indian Ridge (CIR) is located at the boundary between the Somalian and 
Capricorn tectonic plates, and extends northwards from the Rodriguez Triple Junction 
(RTJ) to the southern end of the Carlsberg Ridge.  The relative movement of the 
Capricorn and Somalian plates, in addition to the reorganisation of the RTJ, have 
significantly influenced the evolution of the CIR.  This chapter examines the adjacent 
plate motions and the regional morphology of the ocean crust associated with the CIR.  
The change in seafloor depth and also heat flow with lithospheric age has been the focus 
of the predictive Parsons and Sclater (PSM) and the Global Depth and Heat flow 
(GDH1) models (Parson and Sclater, 1977; Stein and Stein, 1992; 1994).  The GDH1 
model is recognised as the most reliable tool for predicting seafloor depth for old and 
young lithosphere.  This chapter therefore presents an examination of the regional 
bathymetry and a comparative analysis of the elevation of the CIR lithosphere on- and 
off-axis using the GDH1 model.   
 
3.1  A Review of Plate Motions and Spreading Rates for the CIR 
 
The Indian Ocean seafloor and its margins (Figure 3.1) developed from the break-up of 
the super continent Gondwanaland over 60 million years ago (Patriat and Segoufin, 
1988).  The CIR was subsequently formed during the late Cretaceous, 63 million years 
ago (Patriat and Parson, 1989).  The progression of the Somalian-Capricorn plate 
motions and the evolution of the CIR have been traced and interpreted from the spacing 
and orientation of magnetic anomalies of known age identified in the oceanic crust 
(McKenzie and Sclater, 1971; Patriat and Segoufin, 1988).  A magnetic anomaly 
identified as chron 29, dates to the late Cretaceous (~63Ma) and is the oldest 
identifiable magnetic anomaly mapped in the western Indian Ocean basin (Patriat and                                                Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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Segoufin, 1988).  The mapping and dating of progressively younger anomalies on the 
western Indian Ocean floor preserves a record of spreading rates and spreading 
directions for the CIR over time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1  The regional plate geometry for the Indian Ocean (DeMets, et al., 2005).  The study area is 
indicated by the red box.  The Carlsberg Ridge and CIR are also labelled.  The epicentres for earthquakes, 
which occurred between 1963 and 2004 are shown by the circles.  The striped areas represent regions of 
distributed boundary convergence (horizontal stripes) and divergence (vertical stripes) also referred to as 
diffuse plate boundaries.   
 
The interpretation of the magnetic anomalies show that after the break-up of 
Gondwanaland a major reorganisation of the Indian Ocean mid-ocean ridge systems 
occurred between 45 and 40Ma (anomalies 20 to 18), as a possible consequence of the 
collision between India and Eurasia.  On the CIR this event is marked by a rapid 
decrease in spreading rate followed by a 50° clockwise change in spreading direction 
(Dyment et al., 1999).  Another important change in the Capricorn-Somalian plate 
motion took place at 8-10Ma, when the pole of rotation for these plates moved 
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approximately 15° closer to the CIR, and corresponded to an increase in the rate of 
angular rotation of these plates (DeMets et al., 2005).  Since this event, the 
Somalian-Capricorn pole of rotation appears to have remained in a fixed position.   
 
Patriat and Segoufin (1988) propose that the spreading rate of the CIR since 50Ma 
(anomaly 21) has been approximately 43mmyr
-1 close to the triple junction and 
34mmyr
-1 to the north.  However the spreading rate, has not remained constant through 
time for example, a proposed change in the pole of rotation at 8Ma would have 
increased the spreading rate along the CIR by as much as 5mmyr
-1 (DeMets et al., 
2005). 
 
The Somalian-Capricorn Plate boundary extends from approximately 8°S at the 
southern end of the Carlsberg Ridge to the RTJ at 25°30'S.  The present day estimated 
spreading rates suggest that the northern region of the CIR can be categorised as a slow 
spreading ridge and the southern part as an intermediate spreading ridge (Raju, et al., 
1997).  However, new data based on the derived plate motions specifically for the 
Somalian-Capricorn boundary (DeMets et al., 2005) enables a re-evaluation of the 
present plate motion and spreading rates for the CIR at the latitude of the study area.  
This analysis will be used to classify the ridge based on spreading rate and make 
comparisons of both morphology and structure with other ridges of similar spreading 
rates.  This data will also be useful in comparing the CIR fabrics to a transtensional 
model in Chapter 5.  These calculations will be supplemented further by direct 
observation of the transform faults identified within the study area. 
 
3.2  Calculating Present Day Plate Motions for the CIR 
 
The tectonic plates which move across the earth’s surface are in a motion produced 
from a constant applied torque (Cox and Hart, 1986).  Each pair of adjacent plates, are 
generally observed to rotate about a single geometrically constructed point referred to as 
the Euler pole.  The principle of the Euler pole is succinctly defined by the finite point 
theorem which states that ‘the most general displacement of a rigid body or bodies with                                                Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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a fixed point is equivalent to a rotation about an axis through that fixed point’ (Fowler, 
1990).   
 
The motion of the world’s tectonic plates has been refined into the NUVEL-1 model, 
which describes the current plate motions of twelve rigid plates (DeMets et al., 1990).  
In this model the Nubia and Somalian plates are combined into a single African plate 
due to the motion between them not being reliably resolved.  However, DeMets et al. 
(2005) have conducted analysis to resolve motion specifically between the Capricorn, 
Somalian and Indian plates (Figure 3.1).  Data interpreted from the magnetic isochrons 
on the Indian Ocean seafloor produce positions of the Capricorn-Somalian Euler pole 
and rotation for each dated chron interval (Table 3.1).   
 
Table 3.1  The calculated positions and angular velocities for the Capricorn-Somalian Euler Pole 
(DeMets et al., 2005). 
 *   Ω represents the relative rotation vector for the Capricorn-Somalian plates. 
 
Transforms and fracture zones are the longest linear features on Earth, and the tendency 
of fracture zones to lie along small circles indicates that the direction of plate motions is 
not random and remains constant for long periods of time (Cox and Hart, 1986).  A 
number of construction lines, perpendicular to the small circle traces of a series of 
transforms, can give an indication of the Euler Pole position where these lines intersect.  
Figure 3.2 shows both the Euler Pole positions (calculated from the magnetic 
isochrones) and the Transform fault geometrical constructions and the region of their 
intersection. 
 
 
 
Chron  Age (Ma)  Euler Pole Lat. °N  Euler Pole Lon. °E  Ω (degrees)* 
        
1 0.78  11.66  51.22  -0.537 
2   1.86  10.92  49.18  -1.236 
2An.1 2.580  11.28  48.71  -1.685 
2An.3 3.580  13.71  49.62  -2.238 
3n.4 5.105  10.49  49.04  -3.322 
3An.1 5.894  12.64  48.82  -3.687 
3An.2 6.567  11.98  49.11  -4.203 
4n.2 7.860  11.62  49.74  -4.977 
        
Best Fit    11.49  49.43                                                  Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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Figure 3.2  A regional map of the Indian Ocean showing the calculated positions of the 
Somalian-Capricorn Euler Pole from the present chron (1) at 0.78Ma to 8 representing chron 4n.2 
(7.86Ma).  The study area is indicated by the red box.  The traces of the transform faults are also shown 
by the red lines and the white construction lines perpendicular to the transforms.  The dashed region 
represents the extent of their intersection which corresponds well to the most recent Euler pole position 
calculated from the magnetic data. 
 
Figure 3.2 shows that the predictions of DeMets et al. (2005) are consistent with the 
observations within the study area.  The points plotted from Table 3.1 correlate with the 
region of intersection for the line constructions, with the most recent Euler Pole position 
lying inside the error ellipse.  The confirmation of the predictions in Table 3.1 can 
therefore be used in the calculations of plate motion for the CIR at the latitude of the 
study area. 
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3.2.1  A Calculation of Plate Motion for the Somalian-Capricorn Plates 
 
Although there is scatter in the data, the Euler pole appears to have remained relatively 
fixed for the past 8 million years, and the individual measurements of position can be 
averaged over time to produce a best fit Euler pole for the plate motion calculations 
(Table 3.1).  The cumulative rotation of the plates has also been estimated from 
isochron measurements and the cumulative rotation at 8Ma can be used to gain an 
overall angular velocity vector for this time period.   
 
The best fit Euler Pole position for the data points gained from this analysis and 
summarised in Table 3.1, is at 11.49°N and 49.43°E.  The angular velocity vector from 
chron 4n.2 is calculated as 0.633x10
-6 °yr
-1. 
 
The method used for the calculation of the Somalian-Capricorn plate motion requires 
that the two dimensional Euler and point coordinates are transferred from latitude and 
longitude on the earth’s surface to the three dimensional Cartesian coordinate system.  
The three axes of this three dimensional system are conventionally denoted x, y and z 
and are chosen to be linear and mutually perpendicular.  The calculation of plate motion 
for the CIR is presented in Appendix 1.  
 
Calculations are performed for the centre of the study area at the plate boundary, with 
the point vector being located at the centre of each segment.  The results are given in 
Table 3.2, where γ is the plate motion azimuth in degrees and v is the full rate velocity 
of motion or spreading rate in mmyr
-1. 
 
The Cartesian coordinates (xE,yE,zE) for the Capricorn-Somalian Euler Pole (0.637, 
0.744, 0.204) are constant for each calculation along with the angular velocity vector of 
0.633e
-6 radians/yr.   
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Table 3.2  Results of plate motion calculations for each segment. 
 
Location PLAT* PLON* xP y P z P x  ● xp**  γ v*** 
 °  °          °  mm/yr 
                
CIRMean  -20.00  66.45 0.399 0.862  -0.313 0.810 36 50 
                
Segment  10  -20.57  68.37 0.345 0.870  -0.357 0.795 37 51 
Segment  11  -20.40  68.14 0.349 0.870  -0.349 0.798 37 51 
Segment  12  -20.20  68.05 0.351 0.870  -0.345 0.800 37 51 
Segment  13  -20.16  67.39 0.361 0.867  -0.345 0.804 37 50 
Segment  14  -20.12  66.53 0.374 0.861  -0.344 0.808 36 50 
Segment  15a -19.59  66.13 0.381 0.862  -0.335 0.815 35 49 
Segment  15b -19.33  65.52 0.391 0.859  -0.331 0.820 35 48 
Segment  15c -19.12  65.38 0.394 0.859  -0.328 0.822 35 48 
Segment  15d -18.57  65.31 0.396 0.861  -0.318 0.827 34 47 
Segment  15e -18.47  65.28 0.397 0.862  -0.317 0.828 34 47 
Segment  16  -18.22  65.19 0.399 0.862  -0.313 0.831 34 47 
                
*   PLON must be subtracted from 360° and both PLAT and PLON must be converted to radians for use in 
the calculation. 
**   The function cos
-1(x ● xp) gives γ, the direction of plate motion in °. 
***  v is the full spreading rate calculated in mmyr
-1. 
 
The results of the plate motion calculations produce a range of plate motions along the 
CIR within the study area between 34° and 37°.  The plate motion vector orientation 
increases south from Segment 16 to Segment 10 along the ridge axis away from the 
Euler Pole.  The average plate motion vector orientation of 36° differs from the 
orientation of the Transform Faults (which have an averaged orientation angle of 58°) 
by 22°.  The difference between the plate motion vector and the measured orientation of 
the transform faults within the study area may be related to errors in the position of the 
Euler Pole, which is carried through the calculations.  The discrepancy may also be 
related to assumptions in the NUVEL model, for example rigid plates and simple 
rotation about the Euler pole.  The Indian Ocean plate motion is complex due to the 
diffuse nature of the plate boundaries, the presence of microplates, and the influence of 
the RTJ.  The periodic movement and reorganisation has been shown to induce complex 
responses in the segmentation and structure along the intersecting ridge axes (Conder et 
al., 2000).  The changes in the configuration of the RTJ have been examined over the 
last 8Ma (since Chron 4), and have shown that the evolution of the RTJ and CIR are 
closely related.  With consideration of these factors, the plate motion vector along the 
CIR within the study area is therefore most reliably estimated from direct measurement 
of the transform faults.                                                  Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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The spreading rate is calculated to be in the range of 47 to 51mmyr
-1, decreasing with 
distance northwards along the axis.  Previous values of spreading rate, e.g. 45mmyr
-1 
(Dyment et al., 1999) agree well with the values calculated for the study area.  A 
spreading rate of 50mmyr
-1 is generally regarded as the boundary of classification 
between intermediate and slow spreading ridges.  The analysis of the plate motion 
vector and plate velocity inferred from the Euler pole categorises the CIR within the 
study area at the transition between a slow and intermediate spreading ridge.   
 
The rate of spreading along a ridge and the obliquity of spreading direction from the 
plate boundary has significant implications for the structure and geological processes 
observed at the spreading ridge axis.  Intermediate spreading ridges are generally more 
responsive in their morphology to changes in temperature.  Spreading rate is also one of 
the major controls on the effusion rate of volcanic edifices along the boundary, and the 
stresses imparted on the boundary to produce fault structures.  A complication to the 
CIR in this region is the potential for hotspot interaction influencing the thermal 
conditions under which the ridge is developing.  Although this hotspot is weak and 
located over 1100km to the west of the axis, some influence on the CIR is possible (e.g. 
Briais, 1995; Dyment et al., 1999). 
 
The analysis of the plate motions shows that the CIR provides an important opportunity 
to study variations in ridge morphology at a relatively constant spreading rate and to 
examine other secondary processes such as, thermal variations that influence ridge 
structure and morphology.  An examination of the CIR at a regional scale will reveal the 
first-order trends and morphology which characterise the CIR in the study area. 
 
3.3  The Regional Morphology for the CIR 
 
3.3.1  The Regional Gravity Dataset 
 
Figure 3.3 presents a Free-Air Anomaly (FAA) gravity map for the CIR generated using 
data from the global satellite gravity dataset (Smith and Sandwell, 1997).  This data is 
derived from closely spaced satellite altimeter profiles collected during the Geosat                                                Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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Geodetic Mission and the ERS1 Geodetic Phase.  These profiles have been processed 
(using Fourier analysis), corrected and converted to grids of vertical gravity anomalies.  
Comparison with shipboard data gives an accuracy of 3-7mgals.  The FAA gravity map 
for the CIR is extracted from the 1 minute gridded global database.  This FAA anomaly 
map is not corrected for the effects of water-sediment, sediment-crust and crust-mantle 
interfaces i.e. the effects of topography, sediment and crust/mantle density anomalies.  
However, Luis et al. (1998) found that the amplitude of free-air anomalies cannot be 
explained only in terms of topography, and that some density contrasts, other than 
topography, contribute to the FAA.   
 
Gravity minima predominantly occur at the segment ends and along the fracture zones 
within the study area (Figure 3.3).  The gravity data along the segments south of 
Fracture Zone 1 shows that Segment 10 has FAA values of between -10mgals and 
0mgals within the axial valley.  Segment 11 has values ranging between 0 in the south 
to 15mgals at the northern end of the segment, and increases further up to 30mgals 
within Segment 12.  Segment 13 within Region B (Figure 3.5) shows a significant 
gravitational anomaly with much lower values, ranging between -35mgals up to a 
maximum of 0 within the axial valley.  This contrasts with the higher values observed in 
Segment 12 at the opposite end of the fracture zone.   
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Figure 3.3  A FAA gravity map of the CIR from the Smith and Sandwell Global Gravity dataset (Smith 
and Sandwell, 1997).  Segment and Fracture Zone nomenclature are shown.  The data shows the 
anomalous gravimetric signatures of Segments 13 and 14, which contrast to other segments within the 
study area. 
 
Segment 13 shows the lowest values of FAA gravity particularly within the nodal basins 
at each end of the segment (Figure 3.4).  Gravity values within this segment become 
less negative towards the segment centre.  A similar pattern is observed within Segment 
14 (Figure 3.4), with FAA values reaching -45mgals at the northern end of the segment 
and -60mgals at the southern end.  Segment 15 has a significant gravity low at its 
southern end, which increases towards the central swell before showing a less negative 
value within Segment 15e.  
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Figure 3.4  An FAA gravity map across Segments 13 and 14.  The deeper axial valleys are clearly 
resolved and also show differentiation between the deeper segment ends and elevated segment centres.   
 
Segment 16 (Figures 3.5) shows a similar pattern of values between its centre and ends 
to Segment 14 except, the lowest values are predominantly greater than 0.  The central 
swell within Segment 16 has a FAA value of 24mgals.   
 
   
 
 
 
 
 
 
 
 
 
 
Figure 3.5  An FAA gravity map of the northern region of Segment 15 and Segment 16.  The deeper 
regions of the segment ends are clearly defined by the gravity data, and also the elevated region at the 
centre of Segment 16. 
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The intersection of Segment 16 with the Marie Celeste Fracture Zone is marked by a 
gravity low of -20mgals.  These patterns of FAA gravity values are examined in more 
detail within Section 4.2.  
 
3.3.2  Regional Bathymetry and Models of Seafloor Depth 
 
Heat flow and seafloor depth are two fundamental parameters associated with oceanic 
crust, which vary primarily as a function of lithospheric age.  Ocean ridges at the 
constructive stage in the convective tectonic cycle should provide the most significant 
heat flow, which subsequently attenuates with distance from the plate boundary.   
Coincident with the cooling of the lithosphere is an increase in ocean floor depth as the 
lithospheric isotherms deepen, the upper mantle rocks cool and the crust becomes 
denser and isostatically subsides (Marks and Stock, 1994).  The systematic variation of 
depth and heat flow with age, are the primary focus for models of the thermal evolution 
of the lithosphere. 
 
The reference models (the PSM (Parsons and Sclater, 1977) and the GDH1 half-space 
model (Stein and Stein, 1992; 1994)) characterise the average variation in depth and 
heat flow with age predicted for normal lithosphere.  These models provide a measure 
of how anomalous depth and heat flow are, for a region of surveyed lithosphere in the 
ocean. 
 
Evaluation of the two models shows that the GDH1 model has a much better fit to the 
global average lithospheric heat flow and elevation data (Stein and Stein, 1992; 1994).  
This is particularly true for older lithosphere, which the PSM model consistently shows 
as anomalous.  The GDH1 model is formed by the joint inversion of depth and heat 
flow data, and characterised by a thinner (95±15km versus 125±10km) lithosphere and 
hotter (1450±250°C versus 1350±275°C) basal temperature than the PSM predictive 
model (Stein and Stein, 1994).  The main limitation of the GDH1 model is the over 
prediction of heat flow for ages less than 50 million years.  This is attributed to 
hydrothermal circulation, which removes heat from the lithosphere at a greater rate than 
the rate of conduction assumed in these predictive heat flow models. 
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Stein and Stein (1994) have evaluated the GDH1 model for the Indian Ocean using 
seafloor age with bathymetric, sediment isopach and heat flow data to derive curves for 
depth and heat flow with age.  They have shown that the GDH1 model has a closer 
correlation to heat flow and sediment corrected depth data for the Indian Ocean basin 
than PSM, whether or not swells and hotspot tracks are excluded.  For the detection of 
hotspot interaction with a ridge, the GDH1 model should at least allow detection of the 
long-wavelength effect on the ridge, topography and heat flow.  Given this evaluation, 
the GDH1 model curve will be used to identify any depth anomalies on- and off-axis for 
the CIR segments. 
 
Seafloor depth measurements were extracted on the eastern and western flanks of the 
CIR out to 250km (Figure 3.5) using data from the GEBCO bathymetric dataset (IOC et 
al., 2003).  These measurements are useful in identifying regional and superimposed 
local variation as well as, morphological change between the eastern and western flanks 
of the CIR.  For direct comparison the GDH1 curve is plotted alongside the CIR profile 
data.   
 
The relationship between lithospheric depth in metres to the age of the lithosphere in 
millions of years (Myr) for the GDH1 model is based on the following equations: 
 
D(t)   =   2,600 + 365t
½     t<20Myr     
 =  dr + ds[1-(8/π
2)exp(-κπ
2t/a
2)]   t  ≥20Myr    
  =  5,651 – 2,473exp(-0.0278t) 
 
where, t is the age of the lithosphere (calculated using the average spreading rate and the 
distance from the axis), dr is the depth of the ridge axis, ds is the asymptotic subsidence 
for old lithosphere, κ is the thermal diffusivity and a is the asymptotic thermal plate 
thickness.   
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Figure 3.6  The regional bathymetry covering the study area.  The profiles are shown out to 250km east 
and west of the ridge axis and located at the centre of each segment.  The divide between the east and 
west profiles is located at the ridge axis which is indicated by the dashed line.  The edge of the elevated 
crust, or plateau, is indicated by the dotted line.  The labelled profile lines show the position of data 
presented in Figure 3.7 (A to K). 
 
Figure 3.6 illustrates a region of elevated crust or plateau on which the CIR is situated, 
broadening northwards along-axis towards the Marie-Celeste Fracture Zone.  The 
contours across this area indicate that it is relatively flat in comparison to the deeper 
undulating abyssal plain.  The Rodrigues Ridge is identified running across the edge of 
this plateau to the west of the CIR axis.    
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Figures 3.7 A-K show the bathymetric data along with the GDH1 model curve for each 
segment.  The distributions of depth differences between the profiles and the GDH1 
model is shown in (Figure 3.7 A’ to K’).  The data for some of the segments is strongly 
skewed towards higher values of depth differences confirming that many are 
consistently and significantly elevated along the profile line.  Superimposed on the 
background elevation are the trends of the individual segment morphologies.  Where the 
segments are deep, the average difference to the GDH1 model is slightly less, and where 
segments are elevated the differences to the GDH1 are greater.  These trends are largely 
associated with the axial valley and the adjacent off-axis lithosphere, dominating the 
otherwise subdued but elevated morphologies of the sedimented older crust off axis.   
 
The southern segments 10, 11 and 12 (Profiles A to C) show a consistently elevated 
profile for both the east and west flanks of the CIR.  This is clearly shown in the model 
and bathymetry difference distributions (Figure 3.7 A’ to C’).  The histograms illustrate 
the positive normal distribution of differences for these segments and the mean values 
of difference are shown in Figure 3.8.  The mean values of bathymetric difference from 
the GDH1 model elevation range from 245 to 565m.  The points where the profiles 
intersect off-axis with the GDH1 model curve coincide with the edge of the plateau 
feature on which the CIR is situated.  These points of intersection are indicated.  The 
profiles for the southern segments also show significantly rougher across-axis 
morphologies particularly when compared to the central segments (Segments 13 and 14) 
profiles, D and E.  These profiles show on average the least degree of elevation above 
the GDH1 curve of all the segments within the study area.  The mean values of 
elevation for the east and west profiles for both Segments 13 and 14 ranges between 195 
and 379m.  
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Figure 3.7  (A-K) Transects extended 250km to the east and west of the ridge axis and at the centre of 
each segment within the study area, resulting in  a  total  of  22  off-axis  bathymetric  profiles.                    
(A’-K’) Frequency graphs which show the distribution of differences between the GDH1 model and the 
CIR bathymetry.  These histograms show positive values where lithosphere is elevated and negative 
values where lithosphere is less elevated lithosphere relative to the GDH1 model.  The frequency is 
calculated using 200m difference bins.   
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The central segments are isolated from each other and from adjacent segments by large 
offset fracture zones.  This appears to be having an affect on the segment morphology, 
and the off-axis crustal elevation.  However, the off-axis crust still shows an elevated 
signal relative to the GDH1 predicted depth curve.   
 
The profiles for Segment 15a to 15e shown in Figures 3.7 (F to J) exhibit a 
predominantly positive normal distribution (Figures 3.7 F’ to J’) with an anomalously 
elevated crust continuing northwards along the CIR axis.  The mean differences 
between the bathymetric profiles and the GDH1 model (Figure 3.8) increases 
northwards along axis to the centre of Segment 15 (third-order Segments 15b and 15c), 
then decreases towards the northern end of the segment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8  A graph showing the mean values of difference between the bathymetry and the GDH1 curve 
for the combined values of the east and west profiles for each of the CIR segments. 
 
Segment 16 also shows a significantly elevated crust and has appears to have a more 
undulating off-axis morphology.  The eastern profile drops below the GDH1 curve 
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intermittently, which is associated with the local effects on the crust of the adjacent 
Marie Celeste Fracture Zone.   
The off-axis trends for all segments are related to a significant elevation of the crust.  
However, the profiles also facilitate an examination of asymmetry in the elevation 
across-axis, and whether there is a consistent bias in elevation to the east or west of the 
axis.  A graph of average differences between the GDH1 model and the bathymetry on a 
segment by segment scale, between the east and west lines, is shown in Figure 3.9.  The 
data in Figure 3.9 is restricted to values of difference within 100km off-axis.  This 
removes the topographic influence of the plateau edge for the southern segments, where 
the plateau is narrower across-axis and also the dominating topography on the northern 
profiles associated with the Rodrigues Ridge, west of the CIR. 
 
Segments 10, 11 and 12, show significant differences between their east and west 
profiles.  Figures 3.5 and 3.6 identify two main components to the east and west 
asymmetry:  
 
(i)  On- or near-axis variations in depth associated with the heights of the axial 
valley walls and the first set of abyssal hills.  This component also correlates 
with the decrease in axial valley depth northwards from Segment 10 to 12. 
(ii)  Differences in depth associated with the edge of the plateau on which the 
CIR is situated.   
 
The plateau edge is present on some profile lines and not on others due to its uneven 
and asymmetric width.  Also the plateau is less than 500km wide (the span of the 
profiles) in the southern region of the CIR.  These differences are not restricted to one 
side of the ridge axis, which precludes significant asymmetry in lithospheric accretion 
in this region.  However, it is clear that the plateau narrows significantly southwards, 
which in itself points to regional processes controlling the distribution of melt along the 
CIR axis within the study area.   
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Figure 3.9  A graph showing the mean differences between the depth of the lithosphere and the GDH1 
predictive model for each segment’s east and west profile out to 100km distance from the ridge axis. 
 
Segment 15 shows two major components to the deviations from the GDH1 curve.  The 
on- and near-axis topography along this second-order segment, with the segment ends 
showing a deeper axial valley, more pronounced axial valley walls and near-axis 
abyssal hill topography.  The second component relates to the significant off-axis ridge 
located at its nearest 120km away from the CIR (Figure 3.6 and Figure 3.7 profiles I, J 
and K).  This ridge is not parallel to the CIR axis and is not perpendicular to the 
spreading direction of the CIR.  The ridge has a curvilinear axis oriented between the 
Réunion Hotspot track and the CIR.  The tip of this ridge is adjacent to the central 
region of Segment 15.  Contours marking significant elevation of the lithosphere on and 
adjacent to the CIR ridge axis extend from the northern section of the CIR and close 
towards the tip of this ridge.  The profiles for the third-order Segments 15d and 15e 
show the morphology of the ridge in cross section.  The profile for Segment 15d 
intersects the ridge tip, which has a narrow pointed summit.  The profile for Segment 
15e intersects the ridge further west where the ridge has a flatter profile, with a 
depression or graben located at its summit.  This ridge is volcanic in origin, and based                                                Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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on its linearity and constrained width, appears to have an underlying edifice through 
which magma can erupt or intrude.   
 
3.4  Discussion 
 
The analysis of the regional structure of the CIR has identified a ridge that is continuing 
to evolve in response to changes in the motions of the adjacent Capricorn and Somalian 
plates.  The plate motions and spreading rates have shown that the CIR within the study 
area is spreading at a rate between 47 and 51mmyr
-1.  The calculated direction of plate 
motion (36°) and those observed from the fracture zones (58°) do not agree.  However, 
as the plate boundaries in the Indian Ocean are diffuse and the southern region of the 
CIR is influenced by readjustments of the RTJ the regional tectonics are more complex 
than accounted for in the plate motion model.   
 
Comparison with the GDH1 global depth and heat flow model shows that the on- and 
off-axis lithosphere within the study area is anomalously elevated relative to global 
norms.  Similar plateaus observed along other ocean ridges are associated with 
ridge-centred hotspots (e.g. Conder et al., 2000).   
 
The narrowing of the plateau, from approximately 800km at the latitude of Segment 16 
to approximately 540km at the latitude of Segment 10, may be associated with a 
decrease in magma supply southwards along the ridge.  There appears to be an 
accumulation of melt against the major fracture zones in the study area, suggested by 
the elevation of Segment 12, and the width and elevation of the plateau towards the 
Marie Celeste Fracture Zone.  This would account for the isolation of the central 
segments producing deeper and slow-spreading type morphologies.  Models and 
observations of the effects of fracture zones on along-axis magma flow, and the 
associated segment morphology, have been conducted along other ridges.  For example, 
observations and modelling of ‘transform damming’ have been made by Georgen and 
Lin (2003) at the hotspot influenced Southwest Indian Ridge.  The results indicated that 
fracture zones act to deflect flow away from adjacent segments and may allow the 
accumulation of melt or reduction in melt supply to segments each side of a transform.                                                 Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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The abrupt changes in morphologies and elevation between segments separated by the 
fracture zones in this region suggest that these segment-scale processes are 
superimposed on the larger-scale regional elevation of the CIR province.  It has been 
observed from other ridges that at intermediate spreading rates only a small change in 
temperature, or perhaps disruption to magma supply between adjacent segments, can 
produce significant changes in morphology (e.g. Scheirer et al., 2000). 
 
In the deeper segments a noticeable lack of topographic variation in the off-axis seafloor 
depth was observed.  However, the mean and standard deviations for the 100km 
analysis are influenced by variations at the ridge axis, and are associated with the 
median valley rather than significant off-axis topography.  The central region of the 
ridge may currently be experiencing a period of tectonically driven development, which 
is not expressed in the morphology off-axis (Chapter 5). 
 
There is no systematic variation or bias in elevation to the east or west of the ridge.  
Any significant variation observed between the east and west flanks can generally be 
attributed to off-axis features such as, the edge of the plateau, the off-axis ridge or due 
to adjacent fracture zone topography.  One of the off-axis features is a ridge to the west 
of Segment 15 which appear to have been formed through significant off-axis magmatic 
activity.  Whether this volcanic activity is related to ridge-hotspot interaction between 
the CIR and the Réunion Hotspot requires further investigation. 
 
3.5  Conclusions 
 
On the basis of the plate motion calculations, comparison with the regional bathymetric 
analysis and the GDH1 model, the following conclusions are drawn: 
 
•  The CIR situated at the boundary of the Somalian and Capricorn plates has 
experienced a complex history of tectonic readjustment.  However, the present 
day position of the Euler Pole has remained relatively constant for the last 8Myr.  
Calculations of plate motions for this Euler Pole position show a mean spreading 
rate of 50mm/yr.  The plate motion vector is calculated as 36°, however, due to                                                Chapter 3 – A Regional Analysis of the Central Indian Ridge Province 
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the complexity of the regional plate tectonics and the diffuse plate boundaries 
this figure may be subject to some degree of error.   
 
•  Measurement of the orientation of the fracture zones within the study area 
suggest a current plate motion vector orientation for the study are is 58°.  Direct 
observation from the bathymetric dataset is likely to be a more reliable result.  
 
•  The GDH1 analysis shows that this region of the CIR is situated on a 
significantly elevated plateau which widens from the southern segments (10, 11 
and 12) to the northern segments (15 and 16).  The northern bias in the width of 
the plateau against the Marie-Celeste Fracture Zone suggests a greater melt 
supply to this region coupled with a damming affect of the Marie Celeste 
Fracture Zone. 
 
•  Superimposed on this regional trend is the contrasting morphology of the 
segments.  First order observation from the regional bathymetry shows that the 
southern segments (10, 11 and 12) and northern segments (15 and 16) exhibit a 
considerable elevation relative to the central deeper segment (13 and 14).   
Segments 13 and 14 have well formed axial valleys reminiscent of slower 
spreading ridge morphologies.  A possible explanation for this contrast in 
morphologies is the presence of the fracture zones flanking these segments and 
the influence of these fracture zones on along-axis magma flow.  They appear to 
be currently in a tectonically driven stage of development.  
 
This chapter has demonstrated the morphological variation present along the CIR, and 
shown that this variation occurs at a relatively constant spreading rate.  This finding 
leads to the question of the underlying processes independent of spreading rate that are 
responsible for this abrupt change in segment-scale morphology.  The following 
chapters will examine in more detail the morphology and structure of the CIR within the 
study area.                                                                                             Chapter 4 – An Analysis of the CIR Morphology 
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Chapter 4 
An Analysis of the Morphology of the Central Indian  
Ridge between 18° and 21°S  
 
The numerical analysis of the plate motion data for the Central Indian Ridge (CIR) 
conducted within Chapter 3 has shown that there is little change in the spreading rate 
within the study area.  However, the first order analysis of the CIR bathymetry and 
gravity data shows that in addition to the regional topographic anomalies, such as the 
elevated plateau on which the study area is situated, there is significant localised 
morphological variability along the ridge axis (Chart 1, Appendix 2).  The CIR within 
the study area is therefore an important opportunity to examine the mechanisms of 
abrupt morphological change, independent of spreading rate along a continuous section 
of active spreading ridge.  This chapter will first examine the mechanisms for axial 
valley formation, then analyse in detail the segmentation within the study area, 
including the morphological variability of the CIR segments.  With reference to the 
regional framework of Chapter 3, this chapter will describe, at a segment-scale, the 
morphological structure along the CIR and will lead to a high-resolution analysis of the 
tectonic and volcanic fabrics in Chapter 5.   
 
4.1  A Review of Axial Valley Formation and Variation in Spreading Ridge 
Morphology 
 
Several hypotheses have been proposed to explain the variation for the axial valley 
morphologies of ridges with a range of spreading rates, and the mechanisms of axial 
valley formation (Tapponnier and Francheteau, 1978; Sleep and Rosendahl, 1979; 
Phipps Morgan, et al. 1987; Malinverno, 1993; Chen and Lin, 1999).  The model for the 
formation of an axial valley proposed by Sleep (1969) and later refined by Sleep and 
Rosendahl (1979) is the ‘hydraulic head loss model’.  This model proposed that viscous 
forces along the edges of a magma conduit underneath a slow-spreading ridge would be                                                                                             Chapter 4 – An Analysis of the CIR Morphology 
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sufficient to cause a loss of hydraulic head.  This would result in a depression over the 
centre of plate spreading, and to conserve energy within the system, produce a relative 
uplift in the rift valley walls.  At slow-spreading ridges this head loss is significant 
because of the narrow conduit formed from cooler, older lithosphere.  At faster 
spreading ridges, the conduit will be wider producing less head loss and therefore, a 
more subdued relief or an elevated peak over the spreading centre.    
 
Using seismic data and thermal and petrologic models, Tapponnier and Francheteau 
(1978) suggested that two processes are occurring at the ridge axis to produce a median 
valley.  They proposed that steady state tectonic necking in a ductile layer beneath the 
rift valley occurs within a 10km zone at the ridge axis, locally thinning the crust.  The 
crust however, never fractures due to the continuous supply of material from underneath 
the ridge.  In addition to necking adjacent to the plate boundary, doming of the 
lithosphere occurs over a 30km zone across the axial valley through isostatic 
disequilibrium.  At slow-spreading ridges the crust is strong enough to support the 
necking and produce a pronounced axial valley.  At faster spreading rates the crust is 
too hot and too weak at shallow levels for these processes to be significant.  Phipps 
Morgan et al. (1987) suggested that thickening of the lithospheric plate away from the 
axis will result in horizontal extensional stresses being applied, at different depths with 
distance from the axis.  Furthermore, these stresses would cause flexure and 
deformation at the plate boundary.  They proposed an inverse relationship between 
spreading rate and axial morphology. 
 
A more recent model by Chen and Morgan (1990b) is based on the rheology and 
thermal structure of the lithosphere.  Their model describes an interplay between a 
potential failure zone in the strong (brittle) lithosphere at the plate boundary, resulting 
from high stress due to the divergence of mantle flow beneath the ridge axis, and a weak 
(ductile) zone in the lower crust.  Chen and Morgan (1990b) argued that at 
slow-spreading rates, isotherms will be deeper resulting in a rigid crust or small region 
of ductile lower crust near the axis.  As a result, they suggested that the crust and mantle 
will experience brittle deformation under extension producing an axial rift valley.   
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It is likely that ocean ridges will be subject to a combination of these processes to either 
suppress or promote the formation of an axial valley.  It is clear from these studies that 
the most fundamental contributing factor for many ridge morphologies is the spreading 
rate, with magma supply a significant secondary factor.  These models however, have 
largely been based on clearly defined slow- or fast-spreading ridges to exemplify the 
differences in morphology at contrasting spreading rates.  Observations of intermediate 
spreading ridges e.g. Ma and Cochran (1996) have shown that abrupt morphological 
transitions are present between adjacent segments where there is no appreciable change 
in the spreading rate.  This indicates that other factors, such as small changes in crustal 
thickness and mantle temperatures can have a large effect on the ridge morphology.  
This is further demonstrated by hotspot-influenced intermediate ridges such as the 
Reykjanes ridge, e.g. Phipps Morgan et al. (1987), where the axial morphology is 
similar to that expected for a faster spreading ridge.  Another example is found at the 
Australian-Antarctic Discordance (AAD) along the Southeast Indian Ridge (SEIR) 
which, although an intermediate spreading ridge, displays both subdued and well 
developed axial valley morphologies (Ma and Cochran, 1996).  If thermal control is the 
governing factor for these ridge morphologies, then shallower segments with less 
developed axial valleys may be expected to have increased volcanic activity and higher 
effusion rates.  In contrast, colder, deeper segments are expected to have well formed 
and tectonically controlled axial valleys.  These aspects of the CIR will be examined in 
detail in this chapter and within Chapter 5. 
 
Analysis of segment-scale morphology along ridges, such as the CIR spreading at 
relatively constant spreading rates, must therefore consider the mechanisms that initiate 
and promote temperature and rheological change.  Observable processes (using a variety 
of marine survey methods) may include; (i) the presence and associated cooling effect 
of hydrothermal circulation, (ii) the heating effect and supply of magma to a ridge due 
to on- or off-axis hotspot interaction, or (iii) the degree of magmatic intrusion into the 
lithosphere, and the presence of structural barriers such as transform faults to along-axis 
magma supply.   
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4.2  The Morphology of the CIR Segments 
 
Within the study area the CIR axis is segmented by both large-offset transform fracture 
zones and much smaller scale Non-Transform Discontinuities (NTDs).  The first order 
segment wavelength along the CIR between the Marie Celeste and Egeria Fracture 
Zones is approximately 295km.  There are also ten second- and third-order ridge 
segments with lengths between 14km (Segment 15e) and greater than 66km (Segment 
16) (Figure 4.1 and Table 4.1).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1  Diagram illustrating the segmentation of the CIR and the nomenclature used within the study 
area.  Fracture Zone is abbreviated to FZ and Non-Transform Discontinuity is abbreviated to NTD. 
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Table 4.1  A summary of segment statistics along the CIR. 
 
*   The azimuth is an average of measurements recorded at intervals along the length of the segment 
using Geographical Information System (GIS) software with an error of approximately 2°. 
**   Gradient refers to the along axis gradient (south to north) along each segment.  Negative gradients 
refer to deeper water depth northwards along axis and positive gradients refer to shallower water 
depths northwards along axis. 
 
Three large-offset transform faults occur within the study area and include Fracture 
Zone 1, Fracture Zone 2 and the Egeria Fracture Zone which have offsets of 35, 65 and 
46km, respectively (Figure 4.1 and Chart 1, Appendix 2).  There are also eight NTDs 
identified and designated NTD A to H (from south to north) offsetting the ridge by up to 
10km.  These small offsets or NTDs occur between the southern segments (10, 11 and 
12), partition Segment 15 into five sub-segments 15a to 15e, and also separate 15e from 
Segment 16 (Chart 1, Appendix 2).  The central region of the study area encompassing 
segments 13 and 14 is bounded by the Egeria Fracture Zone and Fracture Zone 1.   
Fracture Zone 2 offsets Segments 13 and 14 (Figure 4.1).  There are four main criteria 
used for measuring the lengths and widths of the segments, offsets and fracture zones: 
 
(i)  Segment axis or axial trace.  The segment or axial trace is located in the 
central region of the neovolcanic zone tracing the locus of regions of the 
greatest water depth or the locus of bathymetric highs.  In the absence of 
these markers, the locus of bisecting points within the axial valley (see 
segment width) is used. 
(ii)  Segment length.  The line of measurement for segment length lies within the 
axial valley (see segment width) and between the tips, terminations or 
Segment 
Number 
Length
(km) 
Azimuth* 
(°) 
Segment 
Width (km) 
Along Axis 
Depth (m) 
Mean Depth 
(m) 
Std Dev. 
(m) 
Gradient** 
(°) 
10 47 152  >16  3060-3600  3351 116  -0.15 
11 64 143  6-16  2820-3340  3042 118 +0.03 
12 19 150  5  2620-2760  2678  34  +0.21 
13 45 143  6-7  3260-3740  3474 129  -0.39 
14 54 145  10-13  3560-4160  3890 173  -0.25 
15a 62  145  5-11  2880-3640  3360  190  +0.49 
15b 58  152  7  2580-3240  2920  139  -0.20 
15c 44  145  4-6  2860-3340  3068  121  -0.32 
15d 18  153  5-6  3080-3440  3254  102  -0.58 
15e 14  153  8-9  3260-3660  3513  100  +0.20 
16 >66 152  5-20  2720-3580  3181  262  +0.20                                                                                             Chapter 4 – An Analysis of the CIR Morphology 
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transform intersections for a particular segment.  For second-order segments 
the segment length is measured between points along the segment trace 
coinciding with the initiation of rotation of the fault fabrics into the bounding 
fracture zones.  Third-order segments are identified (from bathymetry and 
sidescan data) by their bounding discontinuities.  The NTDs are identified as 
a disruption to the continuity of the ridge axis and are usually associated with 
a local depth anomaly within the axial valley.  A change in the orientation of 
the valley wall may also indicate the influence of these discontinuities along 
with changes in the orientation of faults or volcanic fabrics within the offset.  
The length of the third-order segments is therefore defined by the change in 
depth and fabric orientations into the NTDs at their ends. 
(iii)  Segment width.   Segment width is measured perpendicular to the segment or 
axial trace and between the points of intersection of the axial valley walls 
with the valley floor.   
(iv)  Principal Transform Displacement Zone (PTDZ) width.  The PTDZ is 
identified using the TOBI sidescan data, as a series of sub-parallel, sub-linear 
traces contained within the transform valley.  The width of this zone is 
defined as the average distance between the outermost identifiable, presently 
active, fault traces along the length of the fracture zone.    
 
Figure 4.2 presents along-axis bathymetric and gravity profiles (derived from Free-Air 
Anomaly (FAA) gravity data) along the ridge axis within the study area.  The figure 
displays the fundamental morphological changes occurring along the CIR with respect 
to variations in segment morphology, elevation and structure, in addition to the 
corresponding changes in the FAA gravitational field.  These variations in axis 
morphology are superimposed on the regional morphology (i.e. the plateau region) 
indentified in Chapter 3.   
 
Based on these criteria the bathymetric profile of the ridge can be seen to define three 
sections of the ridge, labelled A, B and C. Each has its own distinct topographic 
characteristics and trends in elevation, length and relief (or bathymetric range).                                                                                               Chapter 4 – An Analysis of the CIR Morphology 
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Figure 4.2  The CIR is classified into regions A, B (including sub-regions B’ and B”) and C based on bathymetric analysis.  The nomenclature of the NTDs and
fracture zones are labelled above the profile.  The segment nomenclature is indicated below the profile (Briais, 1995).  Regression lines for the bathymetry are in
blue and the vertical bars represent the standard deviation of the seafloor depths.  The red circles show the centroid for each segment with respect to the total
measured length and relief.  FAA gravity data is shown along each profile by the red lines (Smith and Sandwell, 1997). 
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It is clear from this figure that regions of significant and contrasting morphology and 
elevation are bounded by two of the three major fracture zones in the study area; 
Fracture Zone 1, Fracture Zone 2 and the Egeria Fracture Zone.  Therefore, examination 
of the mechanisms for morphological change along the CIR must consider the 
influences of fracture zones on ridge structure. 
 
4.2.1  Region A 
 
The water depth reduces northwards within Region A (Figures 4.2 and 4.3) over four 
segments (9, 10, 11 and 12) which are offset by three NTDs (A, B and C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3  Region A bathymetry.  The along-axis lines show the interpreted position of the ridge axis.  
Thick black lines mark the fracture zones.  Axial-valley profiles are shown by the black lines running 
across-axis.  Boxes showing the positions of data examples from the TOBI dataset are indicated.  
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NTD A displaces Segments 9 and 10 by 7km.  Segment 9 is located at the southernmost 
edge of the study area and terminates within a large basin, which has a depth of 3700m.  
Segment 10 (Figure 4.4) has an axial trace characterised by elongate bathymetric lows.  
The axial valley is flanked by pronounced escarpments up to 400m in height.   
 
 
 
 
 
 
 
 
 
Figure 4.4  An along-axis profile for Segment 10.  The nodal basins and central elevation are distinct 
features showing the positions of the warmer segment centre and cooler segment ends.      
 
This segment shows a characteristic segment profile with central swell indicating the 
focus of upwelling at the segment centre and the tectonised, cooler and deeper nodal 
basins at the segment ends.  The FAA gravity data over this segment ranges between -4 
and -10mgals.  The trends within the gravity data correlate well with the bathymetric 
trends along axis.  The gravity data peaks over the segment centre reflecting the 
increase in segment elevation, and the expected increase in crustal thickness in this 
region related to volcanic construction and material being added to the base of the 
lithosphere.  The TOBI sidescan data (Figure 4.5) over the location of the central swell 
shows that there is a significant area of smooth texture which is interpreted to represent 
an effusive sheet flow.  This type of volcanic flow is associated with warmer regions of 
a ridge where an increased supply of magma is able to reach the seafloor.  A majority of 
the seabed however, is composed of hummocky and tectonised terrain.  Segment 10 has 
the deepest and the most pronounced axial valley within Region A, indicating a less 
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robust magma supply which is also reflected in the dominance of tectonic fabrics 
throughout the segment.   
 
 
 
 
 
 
 
 
  
 
 
Figure 4.5  TOBI data and corresponding interpretation over the central swell within Segment 10 (refer to 
the fold-out sheet in Appendix 4 for the interpretation legend).  There is a significant coverage of smooth 
textured sheet flow in this region of the segment indicating a more robust magma supply. 
 
Segment 10 is offset from Segment 11 by an NTD, which offsets the ridge axis by 11km 
(Figure 4.6).  NTD B has a left-lateral sense.  This NTD marks a transition in the depth 
profile along the ridge, with Segment 10 showing a significantly deeper profile than 
Segment 11. 
 
Figure 4.6 illustrates a basin at the centre of the NTD and is a good example of the type 
of central features influenced by the local stress field.  This is used within Chapter 6 to 
predict the orientations of the stresses within NTDs along the ridge axis.   
 
 
 
 
 
0              2 km   Fold-out Legend in Appendix 4 
Segment 10                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
 
 
 
                                                                                                                                                                  4-11 
-3300
-3200
-3100
-3000
-2900
-2800
-2700
-2600
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Distance along profile (km)
D
e
p
t
h
 
(
m
)
 
 
 
 
 
 
 
 
 
 
Figure 4.6  Bathymetric map of NTD B with a central pull-apart basin.  Segment 10 is clearly 
bathymetrically deeper than Segment 11 illustrating the northwards elevation of the segments within 
Region A.   
 
 
 
 
 
 
 
 
 
Figure 4.7  An along axis profile along Segment 11.  The along-axis profile is less structured (in terms of 
the nodal basins and a central swell) than other segments in the CIR, and shows significant morphological 
variability along its entire length. 
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Segment 11 has a broad axial valley with a relatively subdued topography and along-
axis gradient (Figure 4.7).  The eastern axial wall becomes more pronounced 
northwards along this segment, with a maximum height of 500m.  The axial valley 
narrows northwards from 6 to 16km across-axis.  The bathymetry data shows that this 
segment gently shallows towards the northern end.  The FAA gravity data (Figure 4.2) 
correlates with the general trends within the along-axis bathymetric profile (increasingly 
elevated northwards) and has a range between 2 to 14mgals. 
 
NTD C has a right-lateral sense and offsets Segments 11 and 12 by 5km.  Both 
Segments 11 and 12 terminate adjacent to a large escarpment up to 800m in height.   
 
   
 
  
 
 
 
 
 
 
 
        
Figure 4.8  TOBI sidescan imagery and co-located interpretation of NTD C.  A high degree of tectonism 
is evident within this NTD, shown by the highly reflective fault traces.  A significant change in the 
orientation of the fault fabrics is evident associated with the rotation of stresses around the segment tips.  
In addition to the tectonised terrains, hummocky volcanic terrains are also dominant. 
 
A pull-apart basin 80m in depth is located between the segments which overlap by 4km 
along-axis.  A change in elevation across the NTD is accommodated by a number of 
escarpments up to 150m in height.  TOBI imagery over this NTD is shown in Figure 
4.8.  The seafloor within the NTD is highly tectonised illustrating the elevated stresses 
in the crust associated with the ridge axis discontinuities (Section 6.4).  Features related 
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to the tectonic processes within this NTD are also evident such as, the slumps which 
have originated from the axial valley walls. 
   
There is a significant change in elevation between Segments 11 and 12 (Figure 4.9).  
The reasons for this change may be related to a gradual thermal transition northwards 
along Region A affecting the along axis elevation of the ridge and plate readjustments 
(Figure 4.10 a-c).  
 
The change in the offset direction coupled with the pronounced off-axis structure and 
morphology to the west of Segment 12 could result from a number of processes which 
have occurred over time in this region of the CIR.  One explanation could be an 
asymmetry in the spreading of this segment coupled with a periodicity in the supply of 
magma, interspersed with periods of tectonism resulting in a sequence of significant off-
axis highs and lows.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9  3D bathymetric image of Segment 12 and Fracture Zone 1.  The elevation between Segment 
11 and Segment 12 is highlighted by this 3D image.  Contours are at 20m intervals.  
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Figure 4.10  (a) Bathymetric map of NTD C and Segment 12.  (b) A bathymetric profile across NTD C.  
(c) An off-axis and across-axis profile for Segment 12.  G1 and G2 denote off-axis structures which may 
provide evidence for eastward segment migration. 
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Another explanation focuses on the apparent location of a well developed nodal basin to 
the west of the present northern termination of Segment 12 with Fracture Zone 1.   
Figure 4.11 is a cartoon which shows a temporal sequence where this segment may have 
migrated east, after abandoning positions to the west.  A poorly formed Ridge 
Transform Intersection (RTI) and nodal basin at the northern tip of Segment 12, in 
conjunction with a poorly defined PTDZ within Fracture Zone 1, may also support the 
idea of recent ridge migration.  This model suggests that the abandonment of the eastern 
axial valley (G2) could have occurred in the recent geological past, since the expected 
nodal basin at the tip of the present location of Segment 12 is not evident from the data.  
A retreat of Segment 12 southwards with each change in position may be indicated by 
the alignment of the abandoned axial valley terminations. 
 
The bathymetry in Figure 4.2 shows that this segment is elevated relative to the other 
segments within Region A with a small but resolvable swell evident at its centre.  The 
FAA gravity data however, which ranges between 12 and 16 mgals along this segment, 
shows a decreasing gradient over the segment towards Fracture Zone 1 and does not 
conform to the bathymetric trend.   
 
From the sidescan and bathymetry data it is difficult to determine a precise process or 
sequence of events which has led to the current and unusual geometry identified for 
Segment 12.  However, the processes are likely to be associated with a local thermal or 
magmatic supply in this region of the CIR. 
 
Generally, the CIR progressively shallows northwards within Region A.  This 
shallowing is accommodated by gentle gradients within the segments and more abrupt 
steps in the ridge axis across discontinuities.  It is likely that the degree of shallowing is 
related to some supply of magma under the ridge and a warming of the ridge 
northwards.  There is an abrupt change in elevation from Region A to Region B of 
approximately 500m across the Fracture Zone 1 (Figure 4.2 and Section 4.3).   
 
 
                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
 
 
 
                                                                                                                                                                  4-16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11  (a, b and c) Diagram illustrating the hypothesis of a progressive migration of Segment 12 
eastwards over time leaving abandoned axial valleys to the west.  A significant nodal basin is identified, 
which does not correlate with the present RTI position for Segment 12.  Alternatively, the off-axis 
morphology may be attributed to a period of asymmetric and magmatic or amagmatic spreading.  
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4.2.2  Region B 
 
Region B (Figure 4.12) encompasses Segments 13 and 14 and Fracture Zone 2.  As 
identified in the regional-scale analysis of Chapter 3, Segments 13 and 14 are both 
located within a significantly deeper region of the CIR axis, and are therefore classified 
within their own region.  However, the along-axis profile also identifies different along-
axis morphologies between these segments which suggest that they are experiencing 
different volcano-tectonic processes or different temporal stages of development.  Each 
segment is therefore given a different sub-classification.  Segment 13 (Region B’) 
shows a more subdued along-axis profile than Segment 14 (Region B”) which has a 
well-developed central swell and nodal deeps.  Segment 14 also has a similar along axis 
profile to Segment 16 with an enhanced central swell (Section 4.2.3).   Segment 13 has 
an hour glass shaped axial valley, with a narrow centre and a broad valley towards the 
nodal basins (Figure 4.13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12  Bathymetry map for Region B.  The thinner black lines show the ridge axis.  The across axis 
profiles along each segment are shown by the thick black lines.  Profile A-A’ is shown in Figure 4.9b.                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
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The central region of the axial valley (along-axis) has an elevated morphology 
indicative of a warmer segment centre which contrasts with the deeper and cooler distal 
nodal basins.  The trend line in Figure 4.14 shows a continuation in the deepening of the 
elevation of the ridge within Region B towards Fracture Zone 2.  The gravity data 
presented for Segment 13 (Figure 4.2) correlates well with the general trends in the 
bathymetric profile along the segment axis.  The FAA gravity data ranges between 4 
and -20mgals.  The central swell is reflected in the gravity data indicating a component 
of increased lithospheric thickness in this region of the segment.  At the deeper southern 
end of the segment the gravity values decrease to -20mgals indicating a region of 
thinner and more brittle crust. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13  A 3D bathymetric image of Segment 13 and Fracture Zone 1.  This image illustrates the 
broad and relatively deep axial valley with well developed axial valley walls.  Elevated linear features 
associated with Axial Volcanic Ridges (AVRs) and seamounts, are present on the axial valley floor and 
may be associated with underlying fault fabrics.  Contours are at 20m intervals.  
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Figure 4.14  The axial profile of Segment 13 (Region B’).  This segment has pronounced axial valley 
walls and an hourglass shaped axial valley.  The along-axis profile shows the central swell and the distal 
nodal basins with an along-axis gradient of -0.39°.  The red trend line shows the overall decrease in 
elevation along axis from south to north. 
 
Figure 4.15 shows the central region of the segment, and the volcanic terrains associated 
with the central swell region of the segment.  Similar volcanic types are observed at the 
other central segment swells along the CIR, comprising smooth acoustic textures 
interpreted as effusive sheet flows as well as hummocky terrains, AVRs, seamounts and 
tectonic fabrics.   
 
  
 
 
 
 
 
 
 
Figure 4.15  TOBI sidescan image from the central region of Segment 13.  A number of volcanoes and a 
region of sheet flow are clearly identified from the sidescan record suggesting a robust magma supply to 
this region of the segment.  This indicates that although this segment is bathymetrically deep, there are 
still active volcanic processes within the segment, particularly at its centre.   
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Further detailed images and interpretation of this region of the CIR are presented in 
Appendices 2 and 3.  Chapter 5 also gives a detailed analysis of the distribution of 
volcanic and tectonic fabric within this segment. 
 
Segment 14 has a length of 54km.  The axial valley ranges between 10-13km in width 
and has a depth range of 3560-4160m (Figure 4.16).  It has pronounced axial valley 
walls, 900m in height, and a relatively flat and symmetric along-axis profile.  The 
morphology suggests a cooler, more brittle crust within this segment, with the axial 
valley formed from significant fault controlled escarpments aligned along the valley 
walls and generally parallel with the plate boundary. 
 
 
 
 
 
 
 
Figure 4.16  An along-axis profile for Segment 14 (Region B”).  Segment 14 shows a broad and deep 
axial valley.  The axial valley has a subdued hourglass shape, i.e. wider ends where the segment opens 
into the nodal basins and a narrower centre at the pronounced central swell.   
 
This segment has a shallow gradient, and although it has a deep slow-spreading 
morphology, it has a significant central swell similar along-axis structure to Segment 
16.  The data presented in Figure 4.2 illustrates this similarity.  Approximately 500m of 
additional relief is observed in the centre of the segment relative to the nodal basins.  
The FAA gravity data also shown in Figure 4.2, further illustrates the similarity in 
morphology and structure of this Segments 14 and 16.  Both segments show a high 
amplitude gravity signature over their central swells.  Segment 14 has a gravity range of 
-4 to -30mgals.  The gravity data indicates that there is thicker crust underlying the 
central region of the segment.   
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Figure 4.17 presents TOBI imagery over the central region of Segment 14.  A number 
of volcanoes are identified on the western side of the axial valley, with significant 
AVRs up to 100m in height in the centre of the axial valley floor and a region of smooth 
volcanic flow (interpreted as an effusive sheet flow). 
 
 
 
 
 
 
 
Figure 4.17  TOBI sidescan imagery of the central elevated region of Segment 14.  This segment has a 
significant number of AVRs located across the axial valley floor.  In the central region of the segment 
where the axial valley floor is most elevated, there is a significant population of seamounts.   
 
The bathymetry shows that this segment is deep and broad.  However, the TOBI data 
shows that although there is a significant element of tectonism both along the axial 
valley walls and across the axial valley floor, there is still a range of volcanic types 
including effusive sheet flows.   
 
Figure 4.18 also shows that the morphology of Segment 14 with the accentuation of the 
central swell relative to the deep nodal basins.   Segment 14 may be showing the effects 
of a number of processes contributing to its morphology including, a thermal anomaly 
affecting Region B as a whole and resulting in deeper segment morphologies.  There is 
also evidence for localised processes, such as local thermal input, creating a significant 
swell at the centre of Segment 14 and producing more effusive volcanism (Chapter 5).  
Segment 14 terminates within a significant nodal basin forming the RTI with the Egeria 
Transform Fault valley (Section 4.3.3). 
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Figure 4.18  A 3D bathymetric image of Segment 14.  The cluster of volcanoes present within the central 
swell region of the segment is clearly resolvable from this 3D image.  Contours are at 20m intervals.  
 
Region B shows a significantly different morphology to both Region A and Region C.  
The broad, flat segments indicate that there is an anomalous and much deeper 
morphology within this region which is independent of variations in the spreading rate.  
This is confirmed by the gravity data presented in Section 3.3 and within Figure 4.2.  
The range of gravity values are up to 18mgals lower than measured within Regions A or 
C.  The slow-spreading segment morphologies found within Region B are likely to be 
related to its position between the major fracture zones within the study area, isolating 
these segments from the magma source elevating the adjacent regions.  These segments 
may therefore be experiencing a comparative decrease in thermal effect relative to the 
other segments in the study area.  However, this does not preclude active magmatism 
occurring within the segments, and particularly at the segment centres. 
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4.2.3  Region C 
 
Region C (Figure 4.19) is composed of two second-order segments (15 and 16), each 
with a pronounced elevation at their centres and basins at their ends.  Segment 15, 
(comprising the third-order segments 15a to 15e) shows considerable variation in 
morphology and water depth along-axis (Figure 4.20).  The segment has pronounced 
axial valley walls at the southern and northern ends within the nodal basins, similar to a 
slow-spreading ridge morphology.  In contrast, the central region of the segment shows 
a more elevated section of ridge forming a central swell with more subdued axial valley 
morphology.  Segment 15 shows a significant degree of variation in the gravity 
signature along-axis which ranges between 16 and -20mgals.   Segment 15b (located in 
the central region of Segment 15) shows the most elevated bathymetric signature within 
the study area and a significant peak (up to 16mgals) in the gravity data.  The lowest 
value of gravity (-20mgals) is associated with the nodal basins located at the ends of 
Segment 15 (and within Segments 15a and 15e).  There are also local bathymetric and 
gravimetric lows associated with the NTDs, with the thinning of the crust through the 
active tectonic processes within these regions contributing to the gravity signature.   
Generally, the trends in the bathymetry correlate well with those observed in the gravity 
data.  This region is also magmatically robust, similar in its morphology and structure to 
a warm and ductile faster spreading ridge.   Figure 4.20 shows the along-axis profile of 
Segment 15.  Table 4.2 summarises the key features of each of the segments within 
Region C, and Table 4.3 summarises the key features of the NTDs.  Refer to Chapter 6 
for a detailed examination of the NTDs within the study area. 
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Table 4.2  A summary of segment statistics for Region C. 
Segment 
Number 
Length 
(km) 
Azimuth* 
(°) 
Obliquity** 
(°) 
Axial Valley 
Width (km) 
Along Axis Depth 
Range (m) 
Mean Depth 
(m) 
Std Dev. 
(m) 
Gradient 
(°) 
15a 62  145  -3  5-11  2880-3640  3360  190  +0.49 
15b 58 152  +4  7  2580-3240  2920  139  -0.20 
15c 44  145  -3  4-6  2860-3340  3068  121  -0.32 
15d 18 153  +5  5-6  3080-3440  3254  102  -0.58 
15e 14  153  +5  8-9  3260-3660  3513  100  +0.20 
16 >66  152  +4  5-20  2720-3580  3181  262 +0.20 
 
*   The azimuth is an average of measurements recorded at intervals along the length of the segment 
using GIS software with an error of approximately 2°. 
** The obliquity is measured between the perpendicular to the estimated plate motion vector and the 
mean segment azimuth. ‘+’ denotes a clockwise obliquity, ‘-’ denotes an anti-clockwise obliquity. 
 
 
Table 4.3  A summary of statistics for the discontinuities within Region C. 
Offset 
Bounding 
Segments 
Offset* 
(km) 
Sense of offset  Central 
Feature 
Comments 
NTD D  15a & 15b  4  Left-Stepping  Basin  Contains a well formed AVR with an oblique orientation to 
the ridge fabric. 
NTD E  15b & 15c  4  Left-Stepping  High  Segments overlap by 8km.  NTD floor is covered by volcanic 
mounds. 
NTD F  15c & 15d  3  Right-Stepping  High  Central high is composed of hummocky mounds, 200m above 
the surrounding seafloor.   
NTD G  15d & 15e  2  Right-Stepping  Basin  Central basin has a depth of 80m.  The floor of the NTD is 
covered with hummocky terrain and small AVRs. 
NTD H  15e and 16  5  Right-Stepping  High  Central high is 120m in height. 
 
*  The offset is measured across-axis using a best-fit perpendicular line relative to the respective 
segment-axis traces.  
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Figure 4.19  Bathymetric data covering Region C.  The thin lines show the ridge axis, the thicker lines 
show the across-axis profiles at intervals along each segment. 
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Figure 4.20  Along-axis profile for Segment 15.  Segment 15 is sub-divided into third-order segments 
(a-e) based on the location of the NTDs (D-H).  Northwards these segments become progressively shorter 
and the presence of numerous NTDs suggests significant readjustments in the ridge geometry.      
 
The central swell and nodal basins for Segment 15 indicate a single cell of upwelling 
beneath the segment.  However, examination of the segment at a greater resolution 
shows that, superimposed on the large scale morphology, further third-order 
segmentation has occurred along the ridge axis.   
 
Segment 15a narrows significantly along its length from 11km in the south to 5km 
approaching NTD D at its northerly end.  The axial valley walls have a maximum relief 
of 500m.  The neovolcanic zone within Segment 15a is marked by a line of axial 
volcanoes along the plate boundary, north of the RTI with the Egeria Fracture Zone.  
The volcanoes reach heights of up to 120m and are of both the flat-topped or ‘pancake’, 
and conical forms (Figure 4.21).  Some of the volcanoes in the axial valley are heavily 
faulted and in the process of being broken up.   Segment 15a terminates within a basin 
approximately 1km in width.   
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Figure 4.21  TOBI sidescan imagery and co-located interpretation of the alignment of volcanoes along 
the plate boundary within Segment 15a. 
 
Segment 15b has a subdued hourglass profile narrowing at its centre, and there is across 
axis asymmetry in the gradients and heights attained by the bounding escarpments 
(Figure 4.22).   
 
 
 
 
 
 
 
 
Figure 4.22  TOBI sidescan imagery and coincident interpretation within the third-order Segment 15b 
located in the central swell region of the second-order Segment 15.  A significant population of volcanoes 
are identified in this location where underlying magma is exploiting the pathways provided by the fault 
fabrics both at the plate boundary and along the bases of the axial valley walls.  
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The western axial valley wall attains a maximum height of 2400m with a gentle 
gradient due to the accommodation of displacement over a large number of small 
displacement faults.  This is an indication of a more ductile response to stress in the 
crust and indicative of local heating.  Segment 15b terminates with a basin 200m deep.  
NTD E is located between Segments 15b and 15c which overlap by 8km (Table 4.2).    
 
The bounding axial valley walls along Segment 15c have heights between 100 and 
140m at their highest elevation.  The central region of the axial valley has a high 
concentration of sub-parallel, en échelon AVRs with large hummocky mounds.  Along 
the plate boundary a number of well developed conical volcanoes are observed up to 
120m in height, indicating that this segment is magmatically robust.  Segment 15c 
terminates in a basin approximately 300m in depth.  NTD F marks a change in the sense 
in which the segments are offset.   
 
Segment 15d is a particularly deep segment with significant variation in the relief along 
its length.  This segment is positioned towards the northern end of the second-order 
Segment 15 and therefore away from the thermal flux of the segment centre.  A 
bathymetric high towards its northern end accommodates a line of circular volcanoes up 
to 300m in height.  The central region of the segment is composed of en-échelon AVR 
fabric, hummocky mounds as well as, both flat topped and conical seamounts.   
 
NTD G is a subtle offset to the ridge, and is marked by a basin with a long-axis 
orientation which is distinct from the northerly and southerly axial valley features 
(Figure 4.20).  The NTD basin is 80m in depth and the floor of the NTD is covered with 
hummocky volcanic terrain and a number of small AVRs. 
 
Segment 15e is the most northerly third-order segment in the study area and is located at 
the north end of Segment 15 (Figure 4.23a).  As expected, this segment appears to have 
more significant faulting, and is more tectonically controlled than the central third-order 
segments.   
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Figure 4.23  (a) Bathymetry.  (b) TOBI sidescan imagery.  (c) Coincident interpretation of NTD G, 
Segment 15e and NTD H.  NTD G is a subtle offset to the CIR ridge axis, however a clear change in the 
orientation of the axial valley walls, coupled with significant small-scale tectonism indicate that it is in 
the early stages of development.  The red lines indicate the interpreted plate boundary position. 
 
Figure 4.23a shows the bathymetry over the northern region of the second-order 
Segment 15, with Segment 15e flanked to the north by NTD H and to the south by NTD 
G.  Segment 15e is a deep segment and is located at the position for the nodal deep of 
Segment 15.  At each end of this segment there are perturbations in the alignment of the 
axial valley walls indicating the offset in the ridge axis.   
 
The TOBI sidescan data shown in Figure 4.23b and coincident interpretation shown in 
Figure 4.23c, show that there is a bimodal fault distribution within this segment (Chart 
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3, Appendix 3 and Section 5.2).  The reasons for this distribution are very likely to be 
associated with recent plate reorganisations in this region of the CIR, coupled with the 
tectonically dominated position within Segment 15.  It is clear from the TOBI data that 
this is a tectonically controlled region with cooler and more brittle crust influencing the 
morphology of the segment. 
 
NTD H is located between Segments 15e and 16 and is characterised by a bathymetric 
high 120m in height (Figure 4.23).  NTD H has a bathymetric asymmetry as the western 
flank is significantly more defined and elevated than the eastern flank adjacent to 
Segment 16. 
 
Segment 16 is the most northerly segment within the study area.  At its most northerly 
tip outside the study area it intersects with the Marie Celeste Transform.  Segment 16 
has a clearly defined elongate hourglass shape.  The axial centre and plate boundary are 
defined along the segment, both north and south of the central elevation (Figure 4.25) as 
the locus of a bathymetric low (Figure 4.24). 
 
 
 
 
 
 
 
Figure 4.24  Along-axis profile for Segment 16.  The segment has a well defined hourglass shape and 
axial valley at its centre.  The profile shows a pronounced central swell which indicates the warmest 
region of the segment, with deeper and cooler nodal basins at the distal ends. 
 
Large scale escarpments both to the east and western sides of the segment have 
significant vertical displacement up to 300m.  This displacement is largely 
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accommodated along a single large escarpment giving the axial valley walls a sheer 
profile rather than the stair-step profile observed in other segments.   
 
Figure 4.25 presents a 3D bathymetric image, and Figure 4.26 presents the TOBI 
sidescan imagery and co-located interpretation of the central region of Segment 16.  The 
bathymetry illustrates the elevation at the segment centre and subdued axial valley 
morphology.  Two contrasting acoustic textures, fissured and smooth terrains, dominate 
the TOBI imagery as highlighted by the interpretation.  The central elevated region of 
this segment is interpreted to comprise a very large area of effusive sheet flow, also 
referred to as a ‘lava lake’, and is a prominent feature within the study area (Murton, 
2001).  These lava flows overlie a region of heavily tectonised or fissured terrain.  Both 
are indicative of a warmer, magmatically robust segment.   
 
The FAA gravity data also correlates with the elevated bathymetry and warm 
magmatically robust processes, with a very high amplitude signature associated with the 
central region of this segment, (an overall range of -12 to 24mgals across the whole of 
the segment and a range from 10 to 24mgals across the centre of the segment).  This 
gravity signature may be related to a combination of topographic and crustal thickness 
effects, through volcanic construction and accretion at the base of the lithosphere.   
 
 
 
 
 
 
 
 
Figure 4.25  3D bathymetric image showing the central swell within Segment 16. 
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Figure 4.26  TOBI sidescan and co-located interpretation of the central swell region of Segment 16.  The 
pronounced bathymetric swell within Segment 16 is also the location of a very large sheet flow or lava 
lake surrounded at its edges by hummocky terrain and large areas of fissured terrain.  This area will be 
examined in detail within Chapter 5. 
   
The best example of a seamount within the study area is found within Segment 16.  The 
volcano is almost 200m in height, and 2km in diameter, with a collapse caldera 500m 
across at its summit (Figure 4.27). 
 
 
 
 
 
 
 
 
 
Figure 4.27  3D bathymetric image of a large volcano located within Segment 16 with sidescan imagery 
and co-located interpretation inset.  This is the best example of a cratered volcano within the study area 
and is 200m in height, and 2km in diameter. 
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4.2.4  Analysis of the Along-Axis Roughness 
 
The CIR along-axis profiles can be analysed to provide a comparison of the roughness 
of the along-axis morphology between segments.  The major regional factors affecting 
along-axis morphological roughness include the development of central swells and 
distal nodal basins, the degree of effusive volcanism within the segment and the degree 
to which tectonic activity is affecting the structure of the segment.  These factors may 
be controlled by the longevity of a segment, the influences on its evolution over time 
and the local or regional thermal structure. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28  Graph showing the correlations between the length and along-axis relief for the CIR 
segments.  Two strong positive trends are evident from the data, with the northern segments of Region A 
adjacent to Fracture Zone 1, i.e. Segments 11, 12 and 13 showing a subdued relief associated with one, 
and the remainder of the segment in the study area forming another.    
 
One measure of the bathymetric roughness of a segment is the range of relief shown 
along its axis.  By comparing relief against segment length it may be possible to 
investigate controlling processes, as well as conduct a comparison between different 
segments along the ridge axis.   
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Figure 4.28 demonstrates that there are two distinct groups of ridge segments, and that 
for each group there is a clear positive correlation of relief with segment length.  The 
more northerly segments (Segments 14, 15a-e and 16) and southern segments (9 and 10) 
was fitted with a regression line and have a correlation coefficient greater than 0.99.  
The more southerly segments (Segments 11, 12 and 13) also show a strong positive 
correlation of 0.98.  
 
The results demonstrate that Segments 11, 12 and 13 (within Group B) which are 14 to 
64km long, have a subdued relief relative to their lengths in comparison to those in 
Group A.  These segments are located in the southern region of the survey area.  The 
reason for the subdued relief may be that for example, Segment 11 has very little 
structure such as a well developed central swell and nodal basin, therefore reducing the 
bathymetric range along the axis.  Although the profile for Segment 11 (Figure 4.7) 
shows significant variation in roughness, it only occurs over a limited range of depth.  
Segment 12 has an unusual geometry, a relatively short length and is less structurally 
developed.  Segment 13 is clearly a much cooler segment, with a broad and relatively 
flat axial valley which accounts for the subdued relief.  In contrast, Segment 14 has a 
much more defined along-axis structure, and therefore fits the general structural trend of 
the other segments within the study area.   
 
Segment 15e shows the shortest length and a relatively subdued relief.  This segment is 
formed along with the other segments in Segment 15 as a result of plate reorganisation 
along the CIR.  The third-order segments within Segment 15 increase in length 
southwards which suggests a pattern of greater longevity and the time over which they 
have propagated and evolved, (i.e. younger, shorter segments northwards).   
 
Segment 16 shows the greatest segment length and range in relief.  The strong influence 
of an increased magma supply and a significant central segment swell and nodal basins 
contribute to the increased relief.  The more ductile crust in the northwest region of the 
study area may have inhibited further segmentation.  However, despite a significant 
central swell relative to the nodal basins along its axis, Segment 16 still fits well with 
the general trend for segments within Group A.                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
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4.3  The Fracture Zones 
 
There are three significant fracture zones located within the study area.  They are 
important physiographic features which bound the bathymetrically distinct regions and 
segments.  They show a narrow zone of active strike-slip faulting, and substantial 
median or transverse ridges located along the active strike-slip zone. 
 
Fracture Zone 1 has a left-lateral sense and displaces Segments 12 and 13 by 35km.  
The valley containing the facture zone is up to 3900m in depth.  The walls have a 
corrugated and stair-step appearance, with alternating gullies and ridges running down 
to the valley bottom (Figure 4.29).  The off-axis bathymetry flanking the transform 
shows well-formed abyssal hill fabric.  The intersection with Segment 13 is expressed 
with a clockwise rotation of the tectonic fabric and a nodal basin 4200m in depth.   
 
 
 
 
 
 
 
 
 
Figure 4.29  TOBI sidescan imagery and co-located interpretation for Fracture Zone 1.  The active 
strike-slip zone is clearly identified as a high reflectivity band of fault fabrics from the TOBI record, and 
is flanked by the gullies and ridges of the surrounding abyssal hill fabric outside the transform zone. 
 
Fracture Zone 2 has a left-stepping sense and offsets Segments 13 and 14 by 65km, and 
is the largest offset within the study area.  It has a depth range along the active fault 
zone or PTDZ of 3320-4140m (Figure 4.30a).  The transform valley has a width of 
1-2km, with the active strike-slip fault accommodated over a relatively small distance 
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within the transform valley, in the order of 100s of metres.  As with Fracture Zone 1, 
the flanks of the fracture zone valley have alternating ridges and eroded gullies along 
the length of the valley wall (Figure 4.30b).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.30  (a) An along-axis profile for Fracture Zone 2.  The along-axis profile shows an asymmetry 
to the fracture zone with the nodal basin for Segment 14 having a greater depth than the nodal basin for 
Segment 13.  (b) The across-axis profile of Fracture Zone 2 shows the asymmetry across axis in the walls 
of the fracture zone valley.  The northern wall has a stair-step profile and the southern wall has a more 
sheer profile.  The valley bottom is shown to be only 1.5km wide and very flat.  This zone within the 
transform accommodates the PTDZ over a distance less than 1km. 
 
An elevated ridge, up to 20m in height, is observed in the floor of the fracture zone 
valley and appears to be a constructional feature associated with the strike-slip faults, 
which may provide a conduit through which magma can reach the seabed.  However, 
this type of feature has also been attributed to serpentinisation of the lithosphere 
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exposed by the active strike slip zone in these regions, allowing seawater to penetrate 
the crust and react with the exhumed mantle rocks, resulting in a positive volumetric 
increase in the rock of up to 40% (Thompson, 1968).  Sampling of the rocks along these 
features is needed to determine their formation. It is clear that these ridges are 
constrained to the active strike-slip region within the study area.  A similar though more 
pronounced ridge is observed along the Egeria Transform (Figure 4.32).  Further 
consideration is given to these features in Chapter 5 examining the tectonic and volcanic 
structures found along the CIR. 
 
 
 
 
 
 
 
Figure 4.31  An along-axis profile for the Egeria Transform.  There is pronounced ridge running along its 
centre which extends from the edge of the Segment 15a RTI to the edge of the Segment 14 RTI.  This 
ridge is likely to be composed of volcanic material as a result of the strike-slip faults acting as a conduit 
allowing magma to reach the seafloor.   
 
The Egeria Transform is the northernmost fracture zone within the study area and has a 
left-stepping sense and offsets Segments 14 and 15 by 46km.  It has an azimuth of 59° 
and a depth range of 2860-3920m (Figure 4.31).   
 
The morphology of the Egeria Transform also has a distinctive ridge within the 
transform valley (Figure 4.32).  This ridge is up to 400m high and has a 
morphologically irregular summit.  The ridge terminates abruptly at the eastern and 
western boundaries of the respective RTIs and nodal basins for Segments 14 and 15.  
Along its length (running east to west) there is a distinct southern step offsetting the 
ridge by 700m to the south, indicative of a jog in the active strike slip fault system. 
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The dilation required to facilitate the eruption of magma or penetration of seawater 
along the active fault zone to form a transverse ridge, may be due to geometrical 
reorganisation of the ridge and flexure in this region of the CIR. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32  A three dimensional image of the Egeria Transform.  The elevated ridge is clearly visible at 
the centre of the transform valley. 
 
4.4  Discussion 
 
The variation in morphology and the apparent balance of neotectonic and neovolcanic 
processes along this region of the CIR is inconsistent with simple models relating ridge 
morphology to spreading rates (e.g. Marks and Stock, 1994).  This chapter has 
demonstrated that at a constant spreading rate the CIR segments show a range of 
morphologies and abrupt morphological change between adjacent regions and 
segments.    
 
4.4.1  Regional Trends in the CIR Morphology 
 
Chen and Morgan (1990b) showed through numerical modelling that mantle 
temperature can be an important control on ridge morphology, particularly at hotspot 
influenced ridges.  An increase in mantle temperatures and thicker lithosphere leads to 
elevated faster spreading morphologies, and cooler mantle temperatures lead to slower 
spreading morphologies.  The morphological analysis together with the 
volcano-tectonic fabrics highlighted by the TOBI sidescan imagery show that thermal 
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differentiation between segments is a primary control on the abrupt changes in CIR 
morphology within the study area.   
 
The broader changes in the structure and morphology of segments, used within this 
chapter to classify morphological regions are clearly differentiated by the bathymetric 
dataset.  Region B is a significantly deeper region of the ridge axis with slow-spreading 
segment morphologies contrasting with Regions A and C.  The CIR has similar 
characteristics to the segmentation observed along the SEIR, particularly the abrupt 
changes in bathymetry between adjacent segments (Ma and Cochran 1996; Shah and 
Sempéré 1998).  Geochemical observations made by Marks and Stock (1994) along the 
Pacific-Antarctic Ridge have been used to explain the abrupt changes in ridge 
morphology through sampling of Mid-Ocean Ridge Basalts (MORBs), indicating 
slightly different temperature conditions in segments either side of a fracture zone.   
 
The along axis trends within the bathymetrically defined regions and segment-scale 
analysis have shown that thermal differentiation along the ridge, is a result of restriction 
or biasing of melt distribution by the fracture zones therefore, influencing segment 
morphology along the CIR.  It is at the junction between a segment and a fracture zone 
(within the transform zone) that older crust is directly juxtaposed against the younger, 
warmer crust of the active spreading segment.  The results show that fracture zones are 
a far greater structural barrier than the diffuse and small scale NTDs located within 
Regions A and C.  The NTDs are however associated with a deeper regions of the ridge 
axis.   
 
4.4.2  Localised Morphology: Anomalies and Correlations 
 
An analysis of the segment scale morphologies shows that there is a clear trend in 
crustal elevation at the northern ends of the bathymetrically defined regions.  Segment 
12 (the northernmost segment in Region A) adjacent to Fracture Zone 1, and Segment 
16 (the northernmost segment in Region C) adjacent to the Marie Celeste Fracture 
Zone, have the greatest elevation in these regions.  A significant thermal signature in the 
volcano-tectonic fabrics is also observed in these segments across the axial valley floor.                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
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Segments such as 13 and 14 indicate that deeper segments are generally tectonically 
controlled with well developed axial walls and pervasive tectonic fabrics across the 
axial valley floor.  Less effusive volcanic types including hummocky volcanic terrains, 
AVRs and seamounts appear to dominate these segments.  However, in the central 
elevated swell regions of these segments there is clearly a change to more effusive 
volcanism (sheet flows), and smaller-scale faulting related to the warming of the 
lithosphere in these areas.   
 
This chapter has also identified similarities between the local along-axis morphologies 
of Segments 14 and 16.  These segments are separated by a considerable distance along 
axis and are located within regions which exhibit broadly contrasting bathymetric 
trends, (i.e. Segment 14 is in a region of deeper morphology and Segment 16 is in a 
topographically elevated region of the ridge).  Similarity in the bathymetric and 
gravimetric amplitudes between central swells and nodal basins suggest that the 
underlying processes within the segments are broadly similar, (i.e. strong magmatic 
upwelling at the segment centre and tectonically control at the segment ends).   
 
Two different hypotheses are proposed for the development of Segment 12, based on 
the observations of the bathymetric data and TOBI imagery within this region of the 
CIR.  Of the two hypotheses; the migration of the segment eastwards over time and the 
periodic change in magmatic and amagmatic spreading, the latter is favoured due to the 
nature of the increasing elevation and inferred magmatic input to the ridge axis.  The 
underlying thermal anomaly in this area may be producing a periodic change from 
amagmatic to magmatic phases of active spreading.  This would produce the sequence 
of topographic highs and lows off-axis (as normally identified adjacent to active 
spreading ridge segments).  However, the absence of a nodal basin and a well developed 
RTI at the northern end of Segment 12, and the presence of what appears to be a deep 
basin further west, is a feature within this region which requires further investigation. 
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4.4.3  Thermal Effects on the CIR Morphology 
 
Thermal differentiation along the ridge axis and the fact that the study area is situated an 
elevated plateau infers a degree of thermal input to the ridge, either through magma 
distribution/redistribution along-axis, or from an external source.  With respect to an 
external source, the Réunion Hotspot located 1000km to the west of the ridge at the 
latitude of Segment 16 may be acting as a source of melt to the CIR.  Previous 
observations support the hypothesis that hotspot-interaction can occur over such large 
distances (Rubin and Mahoney 1993; Scheirer et al. 2000).  However, studies have both 
supported and found little evidence for MORB contamination on the ridge axis towards 
the northern end of the study area (Murton et al. 2005; Nauret et al. 2006).  Without a 
consensus on the present geochemical evidence or obtaining further samples it is 
difficult to determine from the bathymetry whether this thermal variation along the 
ridge axis is the result of material derived from the Réunion  Hotspot.  
 
4.4.4  Spreading Ridge Segmentation and Ridge-Axis Discontinuities 
 
The data presented within this chapter has illustrated the degree to which the plate 
boundary has segmented in response to changes in the plate motions described in 
Chapter 3.  The NTDs are highlighted in the bathymetry as deeper regions of the ridge 
axis and by the gravity data as negative anomalies.  This may indicate that these are 
regions of thinner and weaker crust.  Segment 15 is a very long second-order segment 
which has a significant central swell and also deep nodal basins.  However, a series of 
NTDs have offset this segment into a number of third-order segments (Segments 15a to 
15e).  Plate motion readjustments which have affected the CIR over at least the last 
8Myr are likely to have produced the development of these shorter wavelength 
segments and small-scale discontinuities described in detail within Chapter 6.  The high 
degree of segmentation along the CIR axis, and particularly within Segment 15, shows 
that it is continuing to respond to adjustments in the plate motions.   
 
The large-scale fracture zones host distinctive features associated with their active zones 
of strike-slip faulting.  They are referred to as Transverse Ridges and are linear                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
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constructive features aligned with the active fault zone.  These features have been 
identified along other ridges, for example the Clipperton and Sequiros Fracture Zones 
(Pockalny et al., 1997).  They are generally interpreted to indicate transpression and 
flexure within the fracture zone in response to changes in plate motion. 
 
4.4.5  Along-Axis Roughness 
 
This chapter has examined the relationship between the lengths of the CIR segments 
and the roughness of their morphology measured using their along axis relief.  A strong 
positive correlation is found between segment length and segment relief, which may 
reflect the time scales over which the segments have developed (Figure 4.28).  Although 
strong correlations are identified between length and relief for all the CIR segments 
(Groups A and B), Group B (Segments 11, 12 and 13) shows a reduced relief for the 
same equivalent length.  The reason for the reduced relief within Group B, may be 
explained by; (i) a reduction in melt supply. i.e. Segment 11 and 13, which show a 
subdued central swell, and plate reorganisation effects, and (ii) segment longevity i.e. 
Segment 12, which appears be a relatively young and poorly developed (or 
geometrically anomalous) segment. 
 
4.5  Conclusions 
 
The segment scale analysis of the morphologies found within the study area has 
demonstrated that at a constant spreading rate there is significant variation in the nature 
and morphologies of adjacent segments and bathymetrically defined regions.  This leads 
to the conclusion that physical properties other than spreading rate, such as mantle 
temperature and crustal thickness, play an important role in shaping the characteristics 
of the active spreading ridge within the study area. 
 
 
 
                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
 
 
 
                                                                                                                                                                  4-43 
The following conclusions have also been drawn from the results and analysis in this 
chapter: 
 
•  The fracture zones within the study area are significant markers for 
morphological change.  It is clear than these structures are influencing the 
supply of magma to adjacent segments and regions, and are promoting abrupt 
morphological change. 
 
•  There is a clear positive, statistically significant relationship between segment 
length and along-axis relief along the CIR.  However, the nature of this 
relationship appears to change dependent on factors such as, the longevity of a 
segment’s development, and perhaps the strength and focus of asthenospheric 
upwelling beneath the segment.  
 
•  The structure of the segments and regions is affected by both regional and 
localised processes.  Segments which are predominantly tectonically controlled 
and show a slow-spreading morphology can still have a pronounced axial 
profile and central gravity signatures which are similar to other more 
magmatically robust segments within the study area (e.g. Segment 14 in 
comparison to Segment 16).  
 
•  Plate reorganisation has significantly affected the structure of the CIR, 
particularly in areas that may be structurally weaker (i.e. the more magmatically 
robust segments).  Segment 15 is unable to develop significant offsets along 
axis in response to changes in plate motion.  Instead, a number of small offset 
and diffuse NTDs have developed.  The same process is observed to a lesser 
degree within Region A.  In contrast, the segments within Region B in colder 
and more brittle crust have developed large offsets which have existed for a 
significant length of time, as shown by their off-axis traces.   
 
•  The effects of plate motion and transpression are observed within the fracture 
zones in the study area by the presence of Transverse Ridges.  These are likely                                                                                            Chapter 4 – An Analysis of the CIR Morphology 
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to be volcanic in origin, formed from the eruption of magma moving through 
the active fault zone.   
 
Chapter 5 will now examine the volcanic and tectonic structure of the individual 
segments to establish if there are any trends which could be linked to thermal 
differentiation along-axis.                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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Chapter 5 
An Analysis of the Tectonic and Volcanic Structure of 
the Central Indian Ridge between 18° and 21°S 
 
Chapter 4 identified three adjacent regions of contrasting morphology (Regions A, B 
and C) within the study area.  A more complete understanding of the underlying 
processes responsible for these large-scale changes in morphology will be gained 
through a detailed analysis of the thermal and tectonic structure of the Central Indian 
Ridge (CIR).  A quantitative analysis of the fine-scale volcanic and tectonic fabric 
distributions will be conducted in this chapter to determine if there is a systematic 
variation either within or between segments along the ridge.  The processes responsible 
for any variations identified and the implications for the evolution of the CIR will also 
be examined.  The tectonic data from this chapter will be used in conjunction with the 
relative plate motion vector data derived in Chapter 3, and the orientation of the plate 
margin identified in Chapter 4, to examine the nature of the stresses acting on the plate 
boundary, with respect to a transtensional model.  From these results a model for the 
active processes along the neovolcanic zone of the CIR is proposed.  This analysis will 
be extended in Chapter 6, which will focus in more detail on the tectonic structure of the 
Non-Transform Discontinuities (NTDs) within the study area using numerical 
modelling techniques. 
 
5.1  Introduction 
 
Tectonic, volcanic and morphological segmentation of a ridge can most readily be 
identified using co-located long-range high resolution sidescan sonar and swath 
bathymetry.  The interpretation and analysis of this data can highlight variations in the 
magmatic and amagmatic development of a ridge, temporal and spatial changes in 
magmatic cycles, and the causes of variations in the accommodation of stress and 
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The high resolution TOBI sidescan and swath bathymetry data collected within the 
study area (Sections 2.1 and 2.2) encompass the neovolcanic zone, the focussed zone 
along a ridge system, which accommodates active volcanism and tectonism.   
Emplacement, intrusion, transfer and eventual eruption of magma within and along the 
neovolcanic zone are fundamental processes which provide a heat and mass 
contribution to the ridge and may affect the mechanical response of the lithosphere and 
therefore the axis morphology (Mendel et al., 1997).  The neovolcanic zone corresponds 
to the central regions of the axial valley floor (e.g. Segments 13 and 14 in Figure 4.12), 
or the locus of bathymetric peaks formed by seamounts (e.g. Segment 15a in Figure 
4.19).  The orientation of neovolcanic zones and associated tensional fissures together 
with normal faults are generally indicative of the local stress field, being perpendicular 
to the axis of maximum deviatoric stress (Kleinrock and Hey, 1989). 
 
5.1.1  Stress and the Initiation of Ocean Ridge Tectonic Structure 
 
The principal extensional stress axis acts perpendicular to the plate boundary at an 
active spreading ridge and is generated by the gravitational forces acting on the brittle 
lithosphere as its density increases off-axis (the near-ridge effect of the ridge-push 
force, (e.g. Bott, 1993).  The minimum extensional stress axis acts vertically through the 
ridge axis and the intermediate axis should be parallel to the ridge axis and close in 
value to the minimum stress.  
 
 
 
 
 
 
 
 
 
Figure 5.1  The three stress axes acting along a ridge axis.  The principal axis of extensional stress is 
normal to the plate boundary.  The minimum extensional stress acts vertically, and the intermediate stress 
acts along the plate boundary which is similar in value to the minimum stress. 
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These stresses induce strain in the crust, which is observed as the formation of faults 
and fissures along axis.  The presence of a fault significantly affects the state of stress in 
the surrounding lithosphere and will influence the location of future faults, since it will 
relieve stresses in the crust as it grows (Shaw and Lin, 1993).  This will lead to faults 
inheriting a characteristic spacing depending on the environment in which they form 
(e.g. the distal or central regions of a segment).  Grindlay et al. (1991) suggest that in 
cross section, the principal extensional stress axes are inclined away from the ridge axis 
favouring down-dip displacement on faults towards the ridge axis. 
 
During deformation faults and fractures nucleate at any points of low failure strength 
and strain accumulation.  Faults may initiate near the ridge axis where the lithosphere is 
weakest, and after propagation are moved off-axis by dike injection (Shaw and Lin, 
1996).  Once formed there are two mechanisms by which a fault can grow in size; (i) by 
propagation of the fault tips through intact rock, or (ii) by linkage with adjacent 
structures.  The locations where new normal faults grow can be closely related to 
volcanism (Shaw and Lin, 1993).  If a significant fault should lead to fissure eruptions, 
an axial volcanic ridge (AVR) can be constructed, which would have the effect of 
warming the segment and transfer the site of potential brittle failure elsewhere (Parson 
et al., 1993a).  Two types of fault are identified; (i) synthetic faults, if they mirror the 
sense of shear of the axial valley wall faults, and (ii) antithetic faults, if they are in the 
conjugate orientation. 
 
Neotectonic terrain is characterised by a high density of fractures, faults and fissures 
visible on the sidescan imagery as parallel alternating bright and dark linear targets, 
(depending on the local angle of insonification).  A general pattern of fault distribution 
is observed with smaller-scale faulting within the central regions of a segment and 
larger-scale faulting at the distal ends.  This pattern is explained due to the presence of a 
weaker lithosphere (due to the presence of melt and shallower isotherms) towards the 
segment centres relative to the segment ends.  This reduces the ability of the crust to 
support the large stresses necessary to produce large-throw faults seen toward segment 
ends (Shaw and Lin, 1993).  Models suggest a strong dependence of faulting style on 
variations of crustal thickness, due to the role in controlling ridge-axis temperature and                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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rheological structure (Shaw and Lin, 1996).  Variations in the stress fields, for example 
at Ridge Transform Intersections (RTIs), produce distinct differences in along axis, as 
well as across axis fault fabric.   
 
5.1.2  Ridge Transform Intersections and Transform Faults  
 
Transform faults are areas of distributed crustal strain that permit adjacent rift segments 
to extend with different geometries and different rates (Mutter and Karson, 1992).  The 
faults forming the main centralised region of the Transform domain are active strike-slip 
faults that link the laterally offset spreading axes (Karson and Dick, 1983).  These faults 
never occur as simple planar fractures through the crust, but are characterised by 
complex zones of anastomising, parallel, or en échelon faults which exhibit clear bends 
(or jogs) and stepovers (or offsets). 
  
Both tectonic fabrics and volcanic constructional lineaments curve towards the 
ridge-transform intersection with increasing proximity to a transform fault.  Generally, 
tectonic processes are dominant in the lithosphere exhumed at nodal basin RTIs, 
potentially exposing a great variety of rocks.  The fact that these features form 
bathymetric lows suggests a colder environment of formation confirming the dominance 
of tectonic extension over volcanism, as a primary control on their formation.  These 
regions are also points at which transform strike-slip and spreading centre extension are 
coupled (Karson and Dick, 1983).  A weld may be formed at these locations, between 
newly formed crust and much older lithosphere by accretion on the cold edge of the 
transform.  The weld is formed of upper mantle material which will transmit a shear 
couple in the lithosphere underlying the intersection, and will result in a progressive 
reorientation of the stresses near the RTI (Sempéré, 1987).  This has an important effect 
on the stress field in this region, and therefore on the tectonic fabric. 
 
NTDs are recognised by their disturbance both to the continuity of a ridge and the 
perturbations they cause within the tectonic and volcanic fabrics.  Such features have 
been identified within the study area (Tyler et al., 2007) and will be examined in detail 
within Chapter 6.  The presence of an NTD and the stress field generated by the 
adjacent segment tips can have a significant influence on the local tectonic and volcanic                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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fabrics, and can provide information on the structure and evolution of a segment, for 
example how a segment propagates or retreats within the crust.  NTDs and the adjacent 
segment ends can be highly tectonised.  This tectonic fabric under the influence of a 
complex stress field will be expressed in the analysis of faults, and perhaps influence 
the distribution of volcanic fabrics in these areas (Section 6.4). 
 
5.1.3  Ocean Ridge Volcanism 
 
The neovolcanic zone is coincident with, or near to the axis of the axial high on fast 
spreading centres, or within the floor of the rift valley on slow spreading centres.   
Approximately 90% of the volcanism which creates the extrusive layer of oceanic crust 
occurs in a region 1-5km wide (Macdonald et al., 1988).  Magma migration by dike or 
sill propagation is common, with magma being known to migrate in decametre wide 
cracks for tens of kilometres away from volcanic centres in Iceland (Rubin, 1995).   
 
Magma will cool at different rates, dependent on how it is emplaced, intruded or erupted 
at the seafloor.  Magma migration occurs where a plume upwells vertically to a depth 
below a region of partial melting, and then spreads radially (Georgen et al., 2001).  
Stable lateral propagation for appreciable distances requires that the dike be confined to 
a finite range of depths, by the integrated effects of the spatial variations of the magma 
density, country rock density, and country rock stresses (Head et al., 1996).  The 
formation of a sloping high-porosity decompaction boundary layer as upwelling mantle 
freezes, is proposed by Sparks and Parmentier (1991).  This is important for melt 
migration beneath mid-ocean spreading centres, since it transports melt under the force 
of gravity toward the ridge axis.  Along-axis flow away from upwelling centres 
distributes the melts to form non-uniform crust (Chen and Morgan, 1990b).  As magma 
migrates along the axial accretionary zone, the overlying brittle carapace stretches and 
fractures; magmas then use these fractures as conduits to the surface, and volcanic 
eruptions follow in the wake of an advancing, cracking front (Macdonald et al., 1988). 
 
Like subaerial eruptions, the length of surface flows and their morphology (hummocky 
or smooth) are controlled by variables, such as lava viscosity, effusion rate, cooling rate                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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and underlying slope (Smith and Cann, 1992).  Eruptions along the ridge axis are 
thought to occur rapidly with long periods of intervening quiescence (Macdonald, 
1982).  Parson et al. (1993a) suggest that the transition to magmatic quiescence is 
perhaps rapid, because observations of steep-sided conical and flat-topped seamounts 
cleaved in two by faulting, show no obvious mass wasting of their summits. 
 
AVRs are an important volcanic construction along ocean ridges.  The process of fault 
linkage aids their construction since it produces long fractures which may be exploited 
by volcanism to produce en échelon AVRs (Tuckwell et al., 1998).  Mendel et al. 
(1997) proposed that segments with small AVRs may correspond to the beginning of a 
volcanic episode or one which is short lived.  Conversely, those with high AVRs 
disrupted by faults and showing a small summit graben may correspond to the end of 
such a stage or long lived episode.   
 
5.2  Interpretation and Analysis of the Neotectonic Fabrics along the CIR  
 
A thorough analysis of the tectonic data across the study area requires that three 
fundamental parameters are measured within each of the segments, including fault 
density, separation and length.  The methodology associated with the measurement of 
these characteristics is presented in Section 2.4.3.1.  The Geographical Information 
System (GIS) framework in which the acquired data was interpreted, has allowed a 
significant volume of data for each of these parameters to be collected from a 
statistically robust fault population of over 4500 faults.     
 
5.2.1  Fault Orientation and Obliquity 
 
Table 5.1 summarises the key statistics derived from the tectonic analysis.  The table 
shows that fault fabric orientations have a range of 10° along the CIR axis.   Fault 
obliquity ranges between 0° (Segments 11 and 15a) and 13° (Segment 15e).  Fault 
length ranges between 1.8km (Segment 15c) and 0.6km (Segment 16).  Fault densities 
range between 0.4 faults/km (Segment 15d) and 2.4 faults/km (Segment 16).  
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Table 5.1  A summary of fault statistics for the CIR. 
 
*     Obliquity is measured between the mean fault orientation and the mean orientation of the plate 
boundary.  The analysis of the fault orientations is presented using rose diagrams and histograms in 
Figure 5.3 and Chart 3, Appendix 2. 
** Fault density has been calculated and normalised using faults per km
2 due to the variable coverage of 
the TOBI data (both single and double track) along the ridge. 
 
The mean values of orientation and obliquity of the CIR fault populations is shown in 
Figure 5.2.  The mean fault orientations within each segment show little variation 
along-axis (10°).  The mean fault orientation for all the segments is 145°.  The most 
significant variation occurs towards the northern end of the study area with Segment 
15d showing the highest value (150°), and Segment 15e showing the lowest value 
(140°) of segment fault orientations.  The results suggest that the faults within segments 
15d and 15e are clearly developing under a local stress field which is different to the 
other segments.  Segment 12 although showing only a 1° difference from the overall 
mean shows a 3° difference from Segment 11.  Segments 13 and 14 within Region B 
show little variation and are within 2° of the mean for the CIR. 
 
The obliquity of the faults to the mean orientation of the plate boundary shows a much 
greater variation along the CIR axis (Figure 5.2).  Segment 12 (at the northern end of 
Region A) shows an obliquity of 4°, 15b (encompassing the central region of Segment 
15) has an obliquity of 6°, and the highest fault obliquity is measured within Segment 
15e at 13°.  The other segments have obliquities which are below 5°.  The fault 
obliquity data confirms that development within Segment 15e is clearly under a 
different local stress field than the other segments within Region C.  The causes of the 
perturbations in the stress field will be discussed in Section 5.5, but are probably related 
to segment initiation and plate boundary readjustment.  Segment 15b at the centre of 
Segment 15 also shows considerable obliquity which may again be due to plate 
readjustments or its location over the second-order segment swell. 
Segment/ Fracture Zone  11  12  13  14  15a  15b  15c  15d  15e  16  FZ 1  FZ 2  Egeria  
Av. Fault Orientation (°)  143 146  143 144 145 146 148  150  140  147  78  75  71 
No. of Faults Interpreted  433 129  337 282 509 360 254 51  110  832  138  199  108 
Av. Obliquity of Faults *  0 4  0 1 0 6 3  3  13  5  21  16 12 
Av. Fault Length (m)  1084 1069  1302 1440 1344 1386 1826  1662  1048 624  1167  1643  2086 
Min. Fault Length (m)  36  167  18 33 19 78 89  213  157  75  21  117 105 
Max. Fault Length (m)  8129  5642 10383 13041 14731 11443 10315 7517 5519 12851  13243  10660  30708 
Fault Density (Faults/Km
2)  
(x10
-3) **  1.3 1.6  0.8 0.7 0.8 0.6 0.6  0.4  1.3  2.4  -  -  -                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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Figure 5.2  A graph showing the mean orientations (left-axis) and fault obliquity (right-axis) measured 
for each segment. 
 
As described in Chapter 4, Segment 12 has been identified as having an unusual 
geometry, and analysis shows that the development and distribution of the faults in this 
segment are also anomalous in terms of their shorter lengths and closer spacing. 
 
The fault orientation data is presented for the segments and first-order discontinuities in 
Figure 5.3 (and also in Chart 3, Appendix 2), segment by segment, using rose diagrams 
and histograms.  The fault interpretation, from which the data is derived is shown along 
the ridge axis and overlies the bathymetry data.  The graphs show that the fault 
populations generally have a normal distribution for each segment or discontinuity, 
which is skewed or bimodal depending on the prevailing local stress field within each 
region or segment along the ridge.  The segments within Region A, Region B and 
Segments 15a to 15c contain fault populations with a narrow range of orientations 
within 50°. 
 
Within Region A, a dominant population of faults with an orientation of approximately 
145° is clearly evident from the rose diagram within Segment 11 (Figure 5.3).  Segment
Segment Number/Region 
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Figure 5.3  A diagram presenting the fault orientations and orientation frequencies for the segments and  
first-order discontinuities along the CIR.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fault Orientation Analysis 
04 0 8 0 20
Kilometers
Segment 11
Segment 12
Segment 13 
Segment 14
Segment 15a
Segment 15b 
Segment 15c
Segment 15d 
Segment 15e 
Segment 16 
Fracture Zone 1 
Fracture Zone 2
Egeria 
Fracture Zone                                         Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
 
 
 
5-10 
12 displays a greater obliquity and a broader range of fault orientations (between 140° 
and 150°).  This suggests a change in the local stress fields northwards in Region A, and 
particularly within Segment 12.   
 
Within Region B, Segment 13 shows a constrained bimodal distribution with a 
significant number of faults, with azimuths of approximately 140° or 146° (Figure 5.3).  
There is some scatter in the fault orientations however the outliers from the main group 
(between 140° and 150°) are negligible.  Segment 14 shows a single peak in the 
frequency graph indicating a dominant fault orientation of 150°.  A degree of scatter is 
also evident in this segment, with the main group of faults having orientations between 
125° and 135° however the number of faults outside this main group is small.   Region 
B appears to be a more stable with respect to the variations in the local stress fields with 
a limited range of fault orientations. With only transform faults bounding these 
segments this may be expected in contrast to the diffuse and unstable NTDs bounding 
other segments within the study area. 
 
Region C has a significant degree of variation in fault population orientations along-axis 
(Figure 5.3).  Segments 15a, 15b and 15c have fault populations which predominantly 
range in orientation between 140° to 150°.  Segment 15a shows a constrained range of 
orientations and a symmetrical distribution demonstrating a clear dominant fault 
orientation of 145°.  Segment 15b shows a bimodal distribution comprising a broad 
range of dominant orientations (between 140 and 150°), with a small population 
oriented at 156°.  Segment 15c in contrast shows a very dominant fault population 
oriented at 148° with significant numbers of faults distributed within ±5° of this main 
population.  The fault orientations are skewed in this segment towards slightly lower 
angles.  Segment 15d marks a significant change in the orientation of the fault 
populations along Region C, with a distinct bimodal distribution shown in the data.  The 
dominant orientations are 140° and 150°, with a symmetrical distribution about these 
orientations.  Segment 15e shows a less defined bimodal distribution (Figure 5.4), with 
the two dominant fault populations (as shown by the frequency graph for Segment 15e 
in Figure 5.3), oriented at 145° and 155°, although there is a great deal of scatter in the 
data around these populations.                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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Figure 5.4 Illustration of Segment 15e fault fabric orientations.  The red line represents the plate 
boundary orientation, the green and blue dashed lines represent the two dominant orientations of the fault 
populations within this segment.    
 
Segment 16 has a large fault population with a more organised bimodal distribution, 
with the two dominant orientations at 150° and 155°.  There remains some minor scatter 
in the data towards lower values of orientation.   
 
5.2.2  Fault Density 
 
Measurement of fault density and fault separation along the CIR is used to give an 
indication of the strength of the crust and highlight changes in the accommodation of 
stress.  Figure 5.5 shows the fault density distributions along the CIR, along with data 
examples from segments exhibiting contrasting densities.   
 
Normalised fault density was calculated using: 
 
D = n/A, 
 
Where D is the fault density, n is the number of faults and A is the area of the TOBI 
data over which the fault data was interpreted.  A third-order polynomial trend line is 
used, to exemplify the change in the two parameters along the ridge. 
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Figure 5.5  A graph showing the fault density distributions for each segment along the CIR.  TOBI 
images of Segment 14 (low density faulting) and Segment 16 (high density faulting) are shown with 
co-located interpretation to illustrate the trends in the density data.  
Segment Number/Region 
Region A Region B Region C 
0.3
0.2
0.1
0.0
Faults/km
2 
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The fault density measured within Region A ranges between 0.13 and 0.16 faults/km
2.  
Region B displays a relatively low density of faulting between 0.08 and 0.07 faults/km
2, 
confirming observations from the TOBI data that extension within this region is 
accommodated over fewer and larger throw faults.  The trend of low density faulting 
within Region B continues into Region C, from Segment 15a to 15d with densities 
ranging between 0.04 (Segment 15d) to 0.08 (Segment 15a) faults/km
2.  An abrupt 
change occurs at the northern end of Region C within Segments 15e (0.13 faults/km
2) 
and 16 (0.24 faults/km
2), with a three-fold increase in density from Segment 15d to 15e, 
and a further two-fold increase between Segment 15e and 16.  Segment 16 has the 
highest fault density within the study area with an apparent and abrupt change in the 
accommodation of stress.  
 
5.2.3  Fault Spacing 
 
Fault spacing was analysed by placing five equally spaced profile lines at 10, 25, 50, 75 
and 90% of the segments total length, and measuring the distances between the 
intersections of the faults.  The fault spacing data measured along the five profiles were 
then averaged along each segment to gain a statistically robust fault population (Section 
2.3.3.1).     
 
Figure 5.6 shows the significant variation in fault spacing across the study area.  Region 
A (Segments 11 and 12) show an increasing fault spacing, from 373 to 662m.  Region A 
also shows an increase in fault spacing northwards, which is counterintuitive with 
respect to the density data.  However, it is clear that this segment is subject to a greater 
degree of active volcanism which may censor the smaller and more closely spaced 
faults thus skewing the fault spacing analysis data (Section 5.4). 
 
Segment 13 within Region B shows a further increase in average fault spacing of 876m.  
Segment 14 within Region B, and the first two segments (15a and 15b) within Region 
C, show a reduced and similar fault spacing ranging between 734 to 804m.  Segment 
15c shows the greatest average fault spacing within the study area of 1254m. 
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Figure 5.6  A graph showing the average fault spacing within each segment.  TOBI data and co-located 
interpretation for Segment 11 (closely spaced faulting) and Segment 15c (widely spaced faulting) 
illustrate the fault spacing trends found within the data. 
Segment Number/Region 
Region A  Region B  Region C 
Average 
Fault Spacing 
(m) 
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Segment 15c shows a particularly anomalous signal, which appears to be related to the 
degree of volcanism in the central region of Segment 15.  The fault data is observed to 
be particularly censored in this region based on the degree of constructive volcanic 
fabric observed (Chart 3, Appendix 2).  Segments 15d to 16 display a marked decrease 
in their average fault spacing which range from 921m (Segment 15d) to 442m (Segment 
15e).  
 
In summary, the fault density and spacing data shows that closer spaced, denser faulting 
is present within Region A.  Wider spacing and less densely populated faults are 
observed within Region B, and the southern and central segments of Region C.  A 
significant increase in fault density and closer fault spacing is observed within the 
northern segments of Region C.   
 
5.2.4  Fault Length 
 
Fault length data was collected within the GIS software by automatically measuring the 
length of all faults within each segment (a process described in Section 2.4.3.1).     
Approximately 4500 faults were measured, resulting in a statistically robust population 
for the fault length analysis (Figure 5.7). 
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Figure 5.7  A graph showing the average fault length within each segment.  TOBI data and co-located 
interpretation for Segment 14 (widely spaced faulting), and Segment 15c (closely spaced faulting) 
illustrates the fault spacing trends found within the data. 
Segment Number/Region 
Region A  Region B  Region C 
Average 
Fault Length 
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The fault length data shows that the segments within Region A show a very slight 
decrease in mean fault length, from 1084 to 1069m.  The faults within Segment 13 and 
14 within Region B show a marked increase in fault length (1302m in Segment 13 and 
1440m in Segment 14).  Within Region C, Segments 15a and 15b show similar lengths 
to Region B, with mean lengths of 1344m and 1386m respectively.  Segment 15c shows 
the greatest mean fault length in the study area of 1826m.  Further north fault length 
decreases from 1662m for Segment 15d to 624m for Segment 16.   
 
5.2.5  Correlations in the Tectonic Data 
 
Individually the density, spacing and length of the CIR faults show trends which 
correlate well with the morphologically defined regions of the CIR identified in Chapter 
4.  However, their correlation with each other will highlight the processes responsible 
for these trends.  Figure 5.5 shows that the faults interpreted in Segments 11 and 12 
(Region A) and within Segments 15e and 16 (at the northern end of Region C) show a 
significant increase in the fault density relative to those segments located within Region 
B and the central and southern segments of Region C.  These trends are closely related 
to the lengths of the faults within these regions.  Shorter fissure like structures within 
Segment 16 (Figure 5.7) and longer escarpments within Segment 14 (Figure 5.7 and 
5.25) can clearly be seen in the data.    
 
Bohnenstiehl and Kleinrock, (1999) found a positive relationship between fault length 
and fault throw by observation of the Trans-Atlantic Geotraverse (TAG) segment along 
the Mid-Atlantic ridge (MAR).  Analysis showed the ratio of length to throw was 0.03.  
Observations of the fault lengths along the CIR confirm that generally the longer the 
fault, the greater the throw and the more extension the faults are able to accommodate. 
Fault length along the CIR is therefore assumed to be a relative measure of the varying 
throws along the faults.  In this case fewer faults will be required to accommodate the 
same amount of strain, which elsewhere would be facilitated by a larger number of 
smaller throw faults.  This relationship is tested along the CIR by comparing the fault 
density with the fault length for each segment (Figure 5.8).   
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Figure 5.8  A graph showing a linear relationship between fault density and fault length along the CIR.  
A linear trend line is shown in red.  Clustering within this data is marked by the blue dashed regions.  The 
segments the data points represent are also annotated. 
 
The analysis shows that two major trends are apparent in this data.  The first is the 
strong inverse-correlation of the data along respective segments as shown by the best-fit 
line.  The second is the grouping of segments with respect to these parameters along the 
CIR.  
 
There is a clear negative relationship in the data, showing that as fault length increases 
the fault density decreases.  The strength of this inverse-correlation can be quantified 
using statistical techniques such as Pearson’s r, a measure of correlation between two 
data sets.  The result of this analysis will lie between +1 (a perfect correlation) and -1 (a 
perfect inverse-correlation). 
 
Pearson’s r is calculated using: 
r =    Σxy 
        √Σx2 Σy2 , 
 
Table 5.2 contains the calculated values for each of the terms in this equation.  
16 
11 
15e 
12 
13  14 
15b 
15a 
15d  15c 
Average Fault Length (m) 
0.3
0.2
0.1
0.0
Fault 
Density 
(Faults/km
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Table 5.2  Parameters for the calculation of Pearson’s r correlation. 
Segment  Fault Length (m)  Fault Density D (Faults/km
2)  (X-X)
2 (Y-Y)
2 (X-X)(Y-Y) 
  X Y  x
2 y
2(x10
-7) xy 
11  1084 1.30  37848  0.63  0.05 
12  1069 1.60  43919  3.03  0.12 
13  1302 0.80  532  0.62  0.01 
14  1440 0.70  26187  1.23  0.06 
15a  1344 0.80  4302  0.62  0.02 
15b  1386 0.60  11660  2.03  0.05 
15c  1826 0.60  299275  2.03  0.25 
15d  1662 0.40  147088  4.23  0.25 
15e  1048 1.30  53132  0.63  0.06 
16  624 2.40  428270  18.23  0.88 
Sum (Σ)  12785 10.50  1052213  33.25  1.73 
Mean (X)*  1278  -     
Mean (Y)*  -  1.05     
*  The mean is calculated using a value for N (the number of samples) of 10.  
 
The result of this analysis is r = -0.92.  This represents a very strong inverse-correlation 
between the two data sets.   
 
It is important to test the significance of this result.  The Pearson’s r correlation of -0.92 
has a significance value of greater than 0.005.  The result is therefore statistically 
significant, confirming that fault density and fault length along the CIR have a strong 
negative correlation. 
 
A similar measure of correlation was conducted between the fault spacing and fault 
length (Figure 5.9).  The value of the Pearson’s r correlation coefficient is 0.844, with a 
significance level of 0.005.  The result is also statistically significant, showing that fault 
length and fault spacing exhibit a strong positive correlated. 
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Figure 5.9  A graph showing strong positive relationship between fault spacing and fault length along the 
CIR.  A linear trend line is shown in red.  The segment number is annotated for each data point and 
clustered data is enclosed with a blue dashed line.  The groups of segments show the same clustering as 
indicated in Figure 5.8, indicating specific physical properties of the lithosphere within each region where 
tectonic fabric is forming. 
 
Figures 5.8 and 5.9 show that there is a close relationship between the fault length (and 
by inference throw), fault spacing and density.  The results also show that in addition to 
the parameters being correlated, the variations in fault parameters, for example, shorter, 
closely spaced faulting, are spatially correlated with regions already identified as being 
bathymetrically distinct in Chapter 4.  The consistent clustering of segments within 
these graphs indicates that there appear to be similarities in the accommodation of stress 
and processes generating the fault fabrics.  Individual segments in both graphs are 
clustered in the same manner with Region A (Segments 11 and 12), and the northern 
segments of Region C (15e and 16) located together, Region B (Segments 13 and 14) 
and the segments of Region C (15a, 15b and 15d) are also clustered.  Significantly, 
Segment 15c is either located away from the other groups (Figure 5.9), or does not 
correlate with the trend line within the graphs (Figure 5.8).   
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5.3  A Comparison of the CIR Geometries with a Transtensional Model 
 
This chapter has presented the results of the fault fabric analysis along the CIR 
including the fault orientation within each segment.  Further examination of the regional 
stress field acting on the ridge can be examined through the relationships between the 
plate motion vector (Section 3.2), the plate boundary orientation (Section 4.2) and the 
fault fabric orientations (Section 5.2).  These parameters provide important information 
on whether the faults along the CIR are developing under a transtensional stress field 
and allow a comparison with fault development along other spreading ridges.  Tuckwell 
et al. (1996) proposed that a divergent plate boundary may be modelled as a 
transtensional zone, whose walls are displaced parallel to the relative plate motion 
vector.  Sauter et al. (2002) further proposed that oblique spreading centres, sigmoidal 
faults and fractures oblique to both the ridge axis and the relative plate motion vector, 
generally form in response to a transtensional stress field produced by plate separation.  
In his transtensional model, Tuckwell et al. (1996) uses parameters specified by Taylor 
et al. (1994) to suggest that the geometry of a spreading ridge can be described by four 
angles (Figure 5.10):  
 
A - the angle between the relative plate motion vector and the normal to the plate  
 margin,   
α - the angle between the relative plate motion vector and the plate margin,  
θ - the angle between the plate margin and the extensional fractures, and  
φ - the angle between the relative plate motion vector and the extensional fractures.   
 
 
 
 
 
 
 
Figure 5.10  A diagram to show the geometric relationships between the parameters within the 
transtensional model for a spreading ridge. 
V (Plate Motion Vector) 
F (Fault Orientation) 
P (Plate Margin) 
φ  α
θ
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Figure 5.11 shows diagrammatically a ridge which has the extensional fractures 
oriented perpendicular to the plate motion vector with a geometry, where φ=90°.  A 
ridge undergoing transtension, where the extensional fractures are oriented 
perpendicular to half of the angle between the plate boundary and plate motion vector, 
where φ=45°+α/2.  A ridge with extensional fractures parallel to the plate boundary and 
oblique to the plate motion where φ=α.  A ridge with a geometry where φ=α=90° 
described as a normal spreading geometry.  In this geometry the plate motion vector is 
orthogonal to both the fault fabric and the plate boundary.   
 
 
 
 
 
 
 
Figure 5.11  Three models for extensional faults and dykes at obliquely diverging plate margins predict 
four possible plate margin geometries.  (a) Orthogonal opening on segments perpendicular to the relative 
plate motion vector.  (b) Transtensional deformation with extensional fractures orientated parallel to the 
maximum principal compressive stress.  (c) Oblique opening on fractures orientated parallel to the ridge 
trend.  (d)  Predicted as a special case by all three models when the relative plate motion vector is 
orthogonal to the trend of the plate margin.  From Tuckwell et al. (1996). 
 
(a) 
(b) 
(c) 
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Table 5.3 shows each of the transtensional model parameters calculated for each 
segment (south to north) along the CIR.   
 
Table 5.3  Parameters for the calculation of extensional fault geometries 
Segment 
Rift axis 
trend 
(°) 
Normal to 
rift axis 
(°) 
Relative plate 
motion vector 
(°) 
Mean fault 
trend 
(°) 
A*  α*  θ*  φ* 
 a r a n V  F  v-an 90°-A  ar-f  α+θ 
11 143±4  53±4  58±1  143±1  5±4  85±4  0±4  95±1 
12 150±3  60±3  58±1  146±2  2±3  88±3  4±3  92±2 
13 143±1  53±1  58±1  143±1  5±1  85±1  0±2  95±1 
14 145±1  55±1  58±1  144±1  3±1  87±1  1±1  94±1 
15a 145±2  55±2  58±1  145±1  3±3  87±3  0±3  93±1 
15b 152±2  62±2  58±1  146±1  4±3  86±3  6±3  92±1 
15c 145±3  55±3  58±1  148±1  3±3  87±3  3±3  90±1 
15d 153±0  63±0  58±1  150±3  5±1  85±1  3±3  88±3 
15e 153±1  63±1  58±1  140±3  5±1  85±1  13±3  98±3 
16 152±0  62±0  58±1  147±1  4±1  86±1  5±1  91±1 
Mean 148±1 58±1  58±0  145±3  4±1  86±1  3±4  93±3 
* Angles proposed by Tuckwell et al. (1996) for modelling ridge geometries. 
 
The results of the calculations for the CIR show that there is very little difference in the 
angle A (the difference between the normal to the plate margin and the plate motion 
vector) along the axis.  The range of difference is between 2° and 5°.  Consequently, α 
(the angle between the plate motion vector and the plate margin) also shows little 
deviation from 90°.   The value of θ (the angle between the plate margin and the average 
orientation of the faults) shows some significant variation particularly within Segments 
15b, 15e and 16.  Segment 15e particularly shows a large angle of difference.  This can 
be seen as the result of a bimodal fault distribution, within the segment influencing the 
average fault orientation statistics.   
 
Tuckwell et al. (1996) presented a graph (Figure 5.12) to compare two of the parameters 
α and φ, thus plotting the angles between the plate motion vector, the plate boundary 
and extensional fractures for the worlds spreading ridges.   
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Figure 5.12  Graph produced by Tuckwell et al. (1996) to show the relationship between α (angle 
between the relative plate motion vector and the plate margin) and φ (angle between the relative plate 
motion vector and the extensional fractures) for the world’s ridges.  The calculated mean value for the 
CIR within the study area is plotted in colour and indicates an orthogonal relationship where α=90=φ. 
 
The general trend for the CIR between these variables can be generalised as α=90=φ 
(Figure 5.11).  Generally, the fault fabrics are parallel to the plate boundary along axis, 
and the plate boundary is almost perpendicular to the plate motion vector.  Tuckwell et 
al. (1996) found the orthogonal ridge geometry to be common along the world’s ocean 
ridges, particularly along intermediate and fast spreading ridges. 
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There are significant changes in the fault orientation and obliquity between segments 
along the CIR.  This analysis has shown that these changes in orientation have a 
significant component of local variation, either due to local anomalies along the axis 
such as the NTDs or larger scale stress field perturbations within segments, for example 
within Segment 15e, perhaps in response to plate reorganisation.  Along the CIR the 
fault fabrics within Segments 15d and 15e, appear to show a temporal element of 
change in the stress field in the recent geological past through their bimodal fault 
populations.  Another cause of this distribution in addition to plate reorganisation 
maybe local thermal anomalies or upwelling underneath the ridge axis, influencing the 
stress fields and segmentation of the ridge (Figure 5.3 and Chart 3, Appendix 2). 
 
5.4  Analysis of the Distribution of Volcanic Terrain along the CIR 
 
Variations in crustal accretion represent the combined effects of three-dimensional 
mantle upwelling, melt migration, and subsequent crustal deformation (Madge and 
Sparks, 1997).  Inter- and intra-segment volcanic facies change can give an indication of 
how magmatically robust a segment is, the processes (with consideration of the 
morphology and tectonic fabric) occurring within it and what stage it has reached in the 
volcanic cycle.  Chapters 1 and 2 have introduced the range of fabrics found along 
ocean ridges and have presented examples of the interpretation for some of the main 
volcano-tectonic features identified within the study area.  The following sections will 
present a quantitative analysis of this interpretation and a classification of the volcanic 
ridge fabrics.  Chart 3 within Appendix 2 presents the volcanic interpretation in its 
entirety and is a useful overview reference for this section of the thesis.  Appendix 3 
also contains detailed data examples and interpretation within the study area. 
 
5.4.1  The Categorisation of Fabrics for the Textural Analysis along the CIR 
 
Five dominant textures have been identified in the analysis of the neovolcanic fabrics 
along the CIR axis, which include hummocky terrains, sheet flows, axial volcanic 
ridges, seamounts and fissured terrains.  Hummocky terrain is the most pervasive 
texture observed from the TOBI data and accounts for the majority of the volcanic                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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texture observed within the median valley along the CIR (Figure 5.13).  A hummocky 
texture on the TOBI sidescan sonar data is identified as regions of rounded or spherical, 
bulbous structures with variable reflectivity and occasionally interspersed with 
smoother sheet-flow textures and acoustic shadows.  Photographic evidence (for 
example, from the East Pacific Rise (EPR)) has shown that such textures can represent 
accumulations of pillow lavas, forming extensive structures (Figure 5.13a).  Their 
formation is generally considered to be from restricted effusion along faults over a 
period of time, perhaps from discrete vents.  Consequently, they may represent a 
relatively slow, cool mode of eruption.  
 
 
 
 
 
 
 
 
 
 
(b)  CIR sidescan sonar and co-located interpretation. 
 
 
 
 
 
 
 
 
 
Figure 5.13  (a) Co-located sidescan and photoimagery from the EPR.  The co-located photography of 
pillow lava structures correlates to regions of hummocky texture on the DSL-120 sidescan imagery (Tyler 
et al., 2004).  (b) TOBI data example and interpretation from Segment 14 of extensive hummocky terrains 
observed throughout the study area.  Refer to interpretation key presented in Appendix 4. 
(a)  EPR 9° sidescan sonar (DSL-120) data and co-located photo-imagery. 
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The acoustic textures identified and confirmed by the photo-imagery along the EPR 
show similar characteristics to those regions of hummocky terrain identified along the 
CIR TOBI data, with accumulations of bulbous circular mounds (Tyler et al., 2005). 
 
Smooth textures on the TOBI records from the CIR are characterised by strong and 
uniform acoustic reflectivity which are relatively featureless except in areas where 
pinnacles and mounds on the underlying valley floor have not been completely covered 
by the lava flow.  Photographic evidence from the EPR shows areas of similar acoustic 
texture to be representative of effusive lobate flows, where an eruptive event or 
sequence of eruptive events have covered the bottom of the axial valley. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure 5.14  (a) Co-located sidescan and photoimagery from the EPR.  The co-located photography of 
lobate volcanic structures correlates to regions of smooth texture on the DSL-120 sidescan imagery (Tyler 
et al., 2004).  (b) TOBI sidescan image with interpretation of an area of smooth texture interpreted as a 
sheet flow or lava lake within Segment 16.  The sidescan shows features which were not covered by the 
lava flow clearly visible on the seafloor.   
(a)  Sidescan sonar data from Puna Ridge, Hawaii and co-located photo-imagery. 
 
(b)  CIR sidescan sonar and co-located interpretation. 
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In most of the segments the smooth texture is observed between the contrasting rougher 
textures of the hummocky terrains or tectonised crust.  A significant expanse of sheet 
flow or flows, termed a ‘lava lake’, is present in Segment 16.  The coverage of the axial 
valley is incomplete and the high relief pinnacles and mounds, although surrounded by 
the lava flow remain above the sheet flow surface.  This feature is clearly the product of 
a rapid and effusive eruption.  This type of effusive volcanism is generally considered to 
be representative of a warmer stage in the spectrum of volcanic types.  In some cases, 
pillow lavas may be covered by sheet flows in a transition to a warmer more effusive 
stage of volcanism.  This can significantly change the morphology of the axial valley 
floor.   
 
Prominent volcanically constructed features within most of the segments are AVRs.  
They form significant bathymetric features within the study area attaining significant 
heights and spatial coverage of the axial valley floor indicating that they are persistent 
features built up of a period of time.  One of the largest AVRs is located at the northern 
end of Segment 14, towards the RTI with the Egeria Fracture Zone (Figure 5.15).  The 
AVR has an irregular summit which is clearly evident from the acoustic shadow it casts 
onto the valley floor.  At each end, the height of the AVR tapers to the valley floor with 
irregular and increasing smaller volcanic constructs (most likely pillow mounds) which 
from their shadows have a pillar/pinnacle structures.  The larger AVRs are likely to be 
aligned along persistent and open linear conduits allowing these features be constructed 
over time through repeated eruptions.  Evidence of the underlying tectonic structures are 
seen protruding from under the ends of some AVRs within the study area, and in some 
instances a graben is observed running along the AVR summit (Figure 5.15).    
 
AVRs are generally considered to be representative of a cooler stage in the eruptive 
spectrum.  The AVRs identified within the study area show a significant range of 
morphologies.  Based on the relative sizes of the AVRs, they appear to have developed 
over a range of times scales dependent on the development of the underlying conduit 
through which magma is erupting, as well as, the nature of the underlying magma 
supply.  Segment 14 (Figures 5.23 to 5.25) generally contains significantly longer and 
well developed AVRs than Segment 13 (Figures 5.30 to 5.32).                                            Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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Figure 5.15  TOBI sidescan image and interpretation of an AVR located within Segment 14.  An 
interpretation key is included in Appendix 4.  A large shadow is associated with this AVR, the shape of 
which is indicative of an uneven and turreted AVR summit. 
 
A small number of seamounts are present in eight of the ten segments analysed along 
the CIR.  The two most important conditions for the formation of seamount are; (i) 
volcanism must be focussed into point sources, and (ii) magma must be able to rise 
buoyantly to the summit of the seamount (Smith and Cann, 1992).  Seamounts within 
the study area are identified as circular edifices, with a clearly measurable height and 
radius.  Seamounts appear in one of two forms within the study area.  The first has a 
pancake form, with flat top and steep flanks and no collapse structures identified at the 
summit (Figure 5.16).  The second has a conical form and displays a collapsed caldera 
at its summit.  Figure 5.17 shows co-located bathymetry, DSL-120 sidescan and 
photographic imagery collected across seamounts located along the Puna Ridge, 
Hawaii.  The photographs illustrate the number of seafloor types associated with the 
seamounts in this region (Tyler et al., 2004).  It is likely that a number of seafloor types 
are also associated with the seamounts identified within the study area.   
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Figure 5.16  TOBI sidescan image and interpretation of a seamount within Segment 16.  A collapse 
caldera is observed at its summit and the initiation of breakup is indicated by the faulting.  It is also 
associated with surrounding hummocky terrains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17  Multibeam bathymetry across seamounts located on the Puna Ridge, Hawaii and co-located 
DSL-120 sidescan image with colour coded seafloor camera track with coded seafloor types illustrated by 
the photoimagery beneath (the coloured dots correspond to the colours along the camera track).  The 
imagery illustrates the significant variation in seafloor type which can be associated with seamount 
summits, most significantly brecciated material and pillow lavas (Tyler et al., 2004).  
Collapse 
caldera 
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With age, brittle deformation of the volcanoes occurs as they are rifted off-axis.  These 
volcanoes are shown on the TOBI data as strongly faulted and lose much of their 
original shape and height.  Sparse observations suggest that the tendency for axial 
volcanoes to split is greater at intermediate- to fast-spreading rates than at slow 
spreading ridges (Macdonald, 1982).  A chain of seamounts extending from the 
southerly RTI of Segment 15, contain both flat topped and cratered types.  Some of 
these volcanoes show the initiation of breaching and break-up.   
 
Fissured terrain is indicative of a weak or ductile response of warm lithosphere to a 
local stress field (Figure 5.16).  It is identified through observations of very closely 
spaced, small throw and short fault structures, confined within a localised area.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18  (a) Co-located DSL-120 sidescan and photoimagery from the EPR.  Fissured terrain on the 
sidescan is resolved from the photoimagery to be pervasive closely spaced faulting (Tyler et al., 2004).  
(b) TOBI sidescan image and interpretation of fissured terrain located within Segment 16.  This terrain 
indicates a weaker crust unable to support larger scale tectonic fabrics and in the context of adjacent 
fabrics and morphology can be a good indication of a warmer lithosphere.   
 
   0                  1 km 
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This texture is indicative of a weaker response to the extensional stresses generated 
along the ridge axis due to warming of the lithosphere by a more robust magma supply 
within a segment. 
 
5.4.2  Volcanic Analysis Results 
 
Following from Section 5.4.1, which introduced the main types of volcanic fabrics 
identified along the CIR, this section will present a quantitative analysis of the 
distributions of volcanic terrains across the study area.  The hummocky texture is 
pervasive throughout all of the CIR segments and although important does not give a 
clear indication of volcanic variation between the individual CIR segments.  Instead the 
relative proportions of the other textures (sheet flows, AVRs, seamounts and fissured 
terrains) within the segments can be interpreted to provide clearer evidence of thermal 
change.  Figure 5.19 shows the volcanic distribution as absolute cumulative areas for 
each segment (see also Chart 3, Appendix B).  Figure 5.20 shows the normalised 
volcanic and fissured textural classification for each segment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19  Graph showing absolute cumulative areas of different volcanic terrains represented within 
each segment.  These areas do not include the areas in shadow or taken up by the axial valley wall fabrics. 
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Figure 5.20  Charts showing the relative proportions of volcanic textures interpreted within each 
segment.  The values are based on the interpretable regions of the sidescan record, i.e. not including 
shadows or the nadir.   
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Segments 11 and 12 within Region A have significantly different assemblages of 
volcanic fabrics, although both are dominated by hummocky terrain (81 and 74% 
respectively).  Segment 11 has all the volcanic types represented with AVRs and 
fissured terrain covering 6 and 7% respectively.  However, only fissured terrain and 
smooth terrain are identified within Segment 12 and account for 18 and 8% coverage 
across the segment respectively.  The absence of AVRs and seamounts and the presence 
of sheet flows and fissured terrain may be a significant indicator of a more robust mode 
of volcanism in this segment.   
 
The segments contained within Region B (Segments 13 and 14) again have a high 
proportion of hummocky textured terrain (77 and 73% respectively).  All four of the 
other textural categories are identified within each segment within Region B.  Other 
than hummocky terrain, fissured terrain (9%) and AVRs (7%) are most pervasive in 
Segment 13, and smooth textured terrain (10%) is most pervasive within Segment 14, 
with AVRs and fissured terrain both representing 7% respectively.  Seamounts are the 
least important component within Region B, although due to their limited coverage of 
the seafloor this is expected, and it is their relative occurrence between segments that is 
significant.  In this case Segments 13, 14, 15a and 15b, the deeper, more tectonically 
controlled segments, have a greater proportion of their axial valley floors covered with 
seamounts.  The spatial distribution (Chart 3, Appendix 2) shows that the smooth 
textures and fissured terrain within Segment 14 occur within the central region of the 
segment.  AVRs occur throughout the segment indicating a significant exploitation of 
the fault fabrics. 
 
Within Region C, the southern segments (Segments 15a and 15b) show a predominance 
of fissured terrains (36 and 34% respectively) and AVRs (6 and 11% respectively).  
Smooth terrains and seamounts form a small proportion of the acoustic textures 
identified on the sidescan sonar (which combined contribute a 3 to 5% coverage in these 
segments).  These distributions are in contrast to those of Segment 15c at the centre of 
the second-order segment, which has a predominance of AVRs (11%), and a significant 
proportion of smooth terrain (7%), with few seamounts and no AVRs.  As commented 
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censorship of the fault data through effusive volcanism exploiting the faults as conduits 
for eruption.   
 
Segment 15d located north of the second order segment centre (Chart 3, Appendix 2) 
has a significant component of fissured terrain (20%) and a small proportion of AVRs 
(8%).   This segment also contains minor proportions of smooth terrain and seamounts 
(2 and 1% respectively) in addition to the pervasive hummocky terrain.  Segment 15e is 
predominantly composed of fissured terrain (16%) and hummocky terrain (84%), with 
none of the other three textural components present within the segment.  Segment 16 
shows the greatest change of all the segments in terms of its textural components.   
Hummocky textured terrain accounts for 50% of the segment, with fissured terrains 
forming a significant secondary component (29%).  Both smooth terrains and AVRs, 
contribute the third most significant components of  Segment 16 (10 and 9% 
respectively).  A number of seamounts are identified within the segment however as 
with all the other segments in the study area they are minor components of the textural 
coverage.   
 
The textural analysis derived from the interpretation of the sidescan sonar data clearly 
show variations in textural composition, related to segment length, to the position of the 
segments within a region (A, B or C) and the location within a segment (segment centre 
or segment end).  The results also show a warmer more effusive textural signature 
(sheet flows and fissured terrain) towards the northern end of the study area, particularly 
within Segment 16.  It is clear from the data that a high degree of censorship of the 
tectonic fabrics is present due to the exploitation and cover of fault fabrics by magma 
and volcanic eruptions.  The results suggest that Segment 15c is particularly affected by 
this process, which may explain the anomalous results found in the tectonic analysis.  
Segment 16 also illustrates the covering of tectonic fabrics and morphology through 
effusive volcanism.  Figure 5.21 shows the smooth textures interpreted as extensive 
effusive sheet flows within Segment 16 with clearly underlying tectonic (fissured) 
terrains. 
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Figure 5.21  TOBI sidescan imagery and an interpretation of the northern section of the lava lake within 
Segment 16 surrounded by short small throw fissures and faults.  Segment 16 is clearly experiencing a 
warmer stage in its evolution which appears to be affecting the physical properties of the lithosphere in 
this segment. 
 
5.5  Discussion 
 
This chapter has analysed the distribution of the volcano-tectonic fabrics within the 
study area as well as their correlation with the changes in the larger scale ridge 
morphologies described in Chapters 3 and 4.   The analysis has aimed to infer the 
processes which are contributing to the development of the segments within the study 
area. 
 
5.5.1  Correlations between Tectonics and Volcanism along the CIR 
 
The variable pattern of along-axis melt/heat supply indicated by the volcano-tectonic 
distributions presented within this chapter, confirm a significant thermal control on the 
morphology and processes occurring within individual segments, and the 
bathymetrically defined regions.  Variations in heat distribution may occur through 
differential rates of supply or upwelling of magma, or through the distribution and 
longevity of magma chambers underlying segments along the ridge axis.  The results 
suggest that the transform faults are forming natural boundaries to thermal distribution 
and magma supply along-axis.  Region B located at the centre of the study area, 
bounded by Fracture Zone 1 in the south, and the Egeria Fracture Zone in the north, 
 Fold-out Legend in Appendix 4                                           Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
 
 
 
5-37 
shows an abrupt change to larger scale faulting indicated by an increase in fault length 
and a reduction in fault density.  This change correlates with the slow-spreading 
morphologies of these central segments and the relatively high proportion of seamounts 
and AVRs.  These observations suggest a cooler mode of evolution and a relatively 
stronger, brittle crust (Figure 5.22).  The limited occurrence of warmer volcanic fabrics 
such as fissured terrains and sheet flows are predominantly restricted to the relatively 
warmer segment centres.   
 
The morphological analysis conducted in Chapter 4 identified the northerly segments of 
Regions A and C as significantly elevated relative to those within Region B.   It is clear 
that Region A is partially exposed to an elevated thermal flux and magma supply which 
increases gradually northwards towards Segment 12 and Fracture Zone 1.  In the 
northern region of the survey area adjacent to the Marie Celeste Fracture Zone, Segment 
16 (within Region C), also shows evidence in its volcanic and tectonic signatures of 
being a warm and magmatically robust segment. The fault analysis indicates that the 
lithosphere is weaker and more ductile in these regions, and is unable to support 
large-scale faulting to the degree observed within other segments (Figure 5.22).  The 
volcanic analysis provides evidence for these warmer regions, primarily in the increased 
distribution of fissured terrains and effusive sheet flows.  
  
 
 
 
 
 
 
 
 
 
 
Figure 5.22  Figure demonstrating the increased number of smaller throw faults required in weaker, 
warmer and more ductile lithosphere, to accommodate the same amount of extension as a larger throw 
fault located in stronger and more brittle lithosphere. 
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Intra-segment patterns in the distribution of the textures and tectonic fabrics interpreted 
to represent warmer lithosphere are consistently associated with the segment centres.  
However, the results indicate that a dichotomy exits between the tectonic and volcanic 
fabric distributions at the centre of Segment 15 (Segment 15c).  There is an apparent 
change to larger faults with a wider spacing, suggesting that Segment 15c has a cooler 
and stronger lithosphere.  However, analysis of the volcanic terrains shows a higher 
proportion of effusive sheet flows and AVRs, indicating that this is a magmatically 
robust region.  It is proposed that the trends in the tectonic distribution within this 
segment demonstrate the effects of volcanism in censoring (or partially covering) fault 
populations, resulting in an increase in the observed fault spacing and decrease in 
density.  Based on its position over the central swell of Segment 15, and the robust 
volcanic signatures identified, Segment 15c is expected to be a relatively warmer region 
of the study area.  
 
The volcano-tectonic fabrics analysed within Segment 16 show a temporal sequence 
identified through the relative distribution of the volcano-tectonic units and terrains.  
Clearly this segment has received a prolonged and stable supply of magma recorded in 
the elevated off-axis terrain observed in Section 3.3.2, at the northern limit of the 
plateau on which the CIR is situated.  A majority of the fault fabrics (fissured terrain) 
within the axial valley do not cut through the lava lake and therefore must have existed 
before this eruptive event (Figures 5.27 and 5.28).  This suggests that Segment 16 was 
experiencing significant warming possibly combined with significant volcanic eruptions 
before the lava lake was formed.   Evidence in other areas of the segment, including the 
large, well formed rifted volcanoes, which are presently being broken up suggest that 
magmatic material has been exploiting the larger faults along this segment for some 
time (Figure 5.27).   
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5.5.2  Similar and Contrasting Segments along the CIR 
 
Chapter 4 described specific differences and similarities between segment morphologies 
along the CIR.  The results presented in this chapter allow a comparison of the 
volcano-tectonic structure of these segments.   
 
5.5.2.1  Segments 14 and 16 
 
Segments 14 and Segment 16 were identified as having similar along-axis profiles 
within Section 4.4.2 (Figures 5.23 and 5.26).  The volcano-tectonic analysis from each 
of these segments shows that similarities in the along-axis profile do not generally 
translate to similarities in their volcanic and tectonic fabrics (Figures 5.24 and 5.27).  
The along-axis profile suggests a similar underlying buoyant plume/magma chamber 
under the central regions of these segments, which is shown by the pronounced axial 
profiles and evidence of active volcanism at the segment centres.  The bathymetry and 
TOBI sidescan data (Figures 5.23 and 5.24) clearly show that seamounts and AVRs 
dominate the central region of Segment 14, with minor areas of effusive sheet flow.  In 
contrast, Segment 16 shows a relatively effusive mode of active volcanism at its centre 
with an extensive sheet flow (Figure 5.28), which is estimated to have a volume of 
approximately 2km
3 (Murton, 2001).  There is also evidence of significant warming of 
the crust in the surrounding region with high density fissuring (Figure 5.28).  Although 
smaller scale faulting is observed within the central region of Segment 14 (Figure 5.25), 
faults are generally longer with significant throws throughout the segment (Figure 5.24).  
Both Segments 14 and 16 have similar well formed nodal basins, showing they are 
relatively cooler regions of these segments.   
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Figure 5.23  Multibeam bathymetry data for Segment 14.  The axis of the segment is indicated by the red 
line. 
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Figure 5.24  TOBI sidescan data for Segment 14.  The fault orientations interpreted from the sidescan 
imagery are shown by the rose diagram inset. 
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Figure 5.25  Interpretation of volcano-tectonic fabrics for Segment 14.  The fault orientations interpreted 
from the sidescan imagery are shown by the rose diagram inset. 
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Figure 5.26  Multibeam bathymetry image of Segment 16.  The elevated central region containing the 
large lava lake is clearly resolved by the narrowing and elevation of the axial valley.  This region also 
shows a flattening in the along-axis gradient (wider contours).  The segment axis is indicated by the red 
line. 
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Figure 5.27  TOBI sidescan image of Segment 16.  The textural changes between the fissured, smooth 
and hummocky terrains are clearly resolved.  The sequence in which one texture leads to another or is 
covered by another, allows a temporal sequence to be resolved between these volcanic and tectonic units.  
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Figure 5.28  Co-located interpretation of the TOBI data presented in Figure 5.27 for Segment 16.  The 
increase in fault density within this segment towards the segment centre is clearly resolved from the 
interpretation.  A rose diagram showing the fault orientations is inset.  The juxtaposition of the volcanic 
and tectonic units is also clearly illustrated.  
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5.5.2.2  Segments 13 and 14  
Both the morphological analysis in Chapter 4 and volcano-tectonic analysis in this 
chapter have shown that Segment 13 is developing in a cooler mode, relative to the 
other segments in the study area.  Segment 13 has many similarities in its structure to 
Segment 14, with significant axial valley wall faults, a relatively broad and flat axial 
valley (Figure 5.30), and a distribution of volcanic types including seamounts and 
AVRs indicative of a cooler mode of development (Figure 5.31 and 5.32).  There is a 
small region of effusive sheet flow at the centre of the segment which appears to be an 
eruption directly associated with the central segment swell (Figure 5.32).   
This segment is clearly dominated by tectonism with substantial faults along its entire 
length.  The crust appears to be able to support substantial faulting at the segment centre 
with little evidence of fissuring and indicates reduced heating in this region of the 
segment compared to other segments in the study area such as Segment 14.   
The difference in axial profile and volcano-tectonic fabrics within Segments 13 and 14 
suggest that although they share a similar slow-spreading morphology, both are 
experiencing differential rates of melt supply.  Segment 14 appears to have a stronger 
upwelling at its centre which is reflected in the slight increase in effusive volcanism and 
the pronounced swell (Figure 5.29). 
 
     
 
 
 
 
 
 
 
 
 
Figure 5.29  Cartoon of the proposed differences in upwelling strength between Segments 13 and 14 and 
the resulting differences in volcano-tectonic distribution. 
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Figure 5.30  Multibeam bathymetric data for Segment 13.  The slow-spreading morphology of this 
segment with its steep axial valley walls and broad axial valley is illustrated in this figure.  A line of 
seamounts marking the plate boundary at the southern end of the segment is also clearly resolved from the 
bathymetry.  The slight elevation and narrowing of the axial valley at the segment centre is also 
highlighted. 
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Figure 5.31  TOBI sidescan data for Segment 13.  The dominance of tectonic fabrics and cooler mode 
volcanic terrains (i.e. seamounts and AVRs) is clearly resolved from analysis of this data.  A localised 
sheet flow at the centre of the segment is also clearly resolved by its smooth texture.   
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Figure 5.32  Interpretation of the volcano-tectonic fabrics identified within Segment 13.  The alignment 
of seamounts at the southern end of the segment is a significant feature along with the sheet flow located 
at the segment centre.  The pervasive tectonic fabrics which are located throughout the segment are also 
an important indicator of the cooler mode of development this segment is experiencing.   
 Fold-out Legend in Appendix 4  
Seamounts 
Sheet flow 
located at the 
segment centre 
Longer and more 
widely spaced 
faulting pattern 
Fracture Zone 1 
Fracture Zone 2                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
 
 
 
5-50 
5.5.3  Thermal Differentiation along the CIR 
Figure 5.33 summarises the interpretation of results derived earlier.  The sources of the 
thermal variations may be a combination of: 
(i)  Local sources of magma adjacent or underlying Regions A and C, which is 
focussing melt supply to the axis, and subsequently migrating along axis or 
accumulating at the northern ends of these regions.  
(ii) A regional source of melt, perhaps an adjacent or underlying source/hotspot 
is providing the CIR with an enhanced magma supply under Segment 16 
which could account for the robust melt supply and the wider extent of the 
elevated lithosphere associated with the plateau.  The source of this melt 
(based on geochemical evidence) does appear to be related to on-axis 
upwelling under the northern segments e.g. Nauret et al., (2006).  The data 
presented in this chapter suggests a supply and variable distribution of melt 
to the southern segments and supports the idea of the deflection of melt from 
the Réunion Hotspot southwards along the ridge axis (Nauret et al., 2006). 
 
 
 
 
 
 
 
 
 
 
Figure 5.33  Diagram showing a thermal distribution model based on the analysis of the tectonic and 
volcanic fabrics along the CIR.   
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5.5.4  A Question of Ridge-Hotspot Interaction? 
 
The weak Réunion Hotspot located approximately 1100km to the west of the study area 
at 18.5°S may provide a possible source for a regional thermal anomaly.  Previous 
observations support the hypothesis that ridge-hotspot interaction can occur over such 
large distances (Rubin and Mahoney, 1993; Scheirer et al., 2000).  Sempéré and Klein 
(1995) proposed that the CIR may be a good site for studying the interaction between 
mantle plumes and spreading centres, where the Rodrigues Hotspot may be influencing 
its development.   
  
Briais (1995) suggested that shallow bathymetry reflects a density anomaly under the 
CIR near 18°-20°S, which could result from a thicker crust, or a higher mantle 
temperature, or both.  More recently, Murton et al. (2005) have analysed Mid-Ocean 
Ridge Basalts (MORBs) from within the study area along the CIR axis, to determine if 
they are enriched in incompatible elements and are contaminated by hotspot-derived 
material, with increasing intensity northwards along the ridge axis.  The CIR samples 
(collected along 250km of the ridge axis towards the Marie Celeste Fracture Zone) are 
shown to lie on a mixing line between Normal Mid-Ocean-Ridge Basalt (N-MORB), 
and a source component that closely resembles present day Réunion Hotspot lavas.   
Based on their results, Murton et al. (2005) propose that hotspot derived material is 
migrating eastwards towards the CIR against the direction of plate motion.  Murton et 
al. (2005) also suggested that evidence for the interaction of this material with the ridge 
includes a decrease in depth of the ridge axis, east-west seafloor lineaments and isotopic 
similarities with Le Réunion.   
 
In contrast, Nauret et al. (2006) present their analysis from samples collected both on- 
and off-axis along the CIR at a similar range of latitudes as Murton et al. (2005), i.e. 
adjacent to and within the study area.  Nauret et al. (2006) found that the off-axis 
samples appear to have a component which may be derived from Réunion Hotspot 
material; however the samples collected along the ridge axis, particularly in the northern 
segments do not show contamination of Réunion material.  Nauret et al. (2006) 
therefore propose that between 18° and 20°S, the MORBs are generated by partial                                          Chapter 5 – An Analysis of the Tectonic and Volcanic Structure of the CIR 
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melting of a heterogenous source consisting of an enriched component and depleted 
upper-mantle peridotite.  However, the southernmost sample was found to show some 
contamination with Réunion sourced material.  It is therefore proposed that material is 
migrating eastwards towards the CIR, contaminating off-axis basalts, but is being 
deflected south before reaching the ridge axis at the more northerly latitudes.  There is 
presently more evidence of a localised source of material in the northernmost segments 
within the study area, particularly Segment 16 than ridge-hotspot interaction.  This does 
not preclude ridge-hotspot interaction or a component of material from the Réunion 
Hotspot influencing the ridge, however further geochemical investigation is needed to 
establish the spatial distribution of MORB contamination.   
 
At a regional scale, the CIR is clearly situated on an elevated plateau.  The plateau is 
broad to the north and tapers to the south suggesting a gradual dispersal of magmatic 
material southwards along the ridge axis.  This may provide some evidence of an 
attenuating influence of the Réunion Hotspot southwards and may explain the trends in 
the bathymetric and volcano-tectonic fabrics within Region A, with increased elevation 
and effusive volcanism northwards towards the fracture zone.  This would also explain 
why Region B appears to be a tectonically dominated area of the ridge as the bounding 
fracture zones isolate the segments from the same degree of magma supply experienced 
by the adjacent more elevated segments. 
 
5.6  Conclusions 
 
The results presented in this chapter have established that the contrasting segment 
morphologies observed in Chapters 3 and 4 and the variable distribution of volcano-
tectonic fabrics analysed in this chapter, are predominantly responding to variations in 
melt/heat supply.  The analysis shows that variation in the volcano-tectonic fabrics, 
relate to changes in melt supply and lithospheric strength at both inter- and intra-
segment scales, within the study area.  This variability can largely be attributed to the 
locations of focussed melt supply and structural controls on the distribution of melt 
along the ridge axis. 
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The following conclusions are drawn from the results of this chapter: 
 
•  Within the study area there are significant changes in fault length, spacing and 
density, as well as volcanic or textural distributions in the segments adjacent to 
the bounding transform offsets.  The segments bounded by the transform faults, 
most notably Region B, show a cooler assemblage of volcano-tectonic fabrics, 
i.e. longer, more widely spaced faults, with greater throws and more evidence of 
restricted effusion rates in the volcanic fabrics, for example more seamounts and 
AVRs.   
 
•  Statistical analysis has demonstrated a strong positive correlation between 
segment length and spacing, and a strong negative correlation between fault 
density and fault length.  The greater the length of a fault, the greater the fault 
spacing surrounding it and the lower the overall fault density.  These 
relationships demonstrate an intuitive pattern of strain accommodation along the 
ridge axis.   
 
•  Analysis of the fault fabrics has provided a means of comparing geometrical 
models proposed by Tuckwell et al. (1996).  The data for the respective 
segments along the CIR indicate that an orthogonal geometry, where both the 
principal axis of extension and plate motion vector are approximately 
perpendicular to the plate boundary, is characteristic for this section of ridge.  
The orthogonal geometry is typical of intermediate and fast spreading ridges and 
is an end-member to the geometrical models.   
 
•  A strong positive correlation was found between magmatically robust (warmer) 
regions of the ridge (e.g. Segment 16 and a number of the segment centres) and 
shorter, denser faulting (fissured terrain) is strong.  Conversely the cooler 
segments (e.g. Segments 13 and 14) and the nodal basins at the segment ends, 
are generally correlated with longer and more widely spaced faulting.  
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•  Magma supply to the CIR is occurring at different scales.  At a regional scale 
either local anomalies under the ridge axis or regional hotspot interaction are 
influencing the magma supply to the whole ridge, showing decreasing influence 
southwards as the plateau (Chapter 4) narrows.  There are also local segment-
scale variations shown by differences in the morphologies and volcano-tectonic 
structure of the segments.  This local variation suggests a significant influence of 
the large scale structural elements of the CIR, i.e. the fracture zones.  A temporal 
element particularly the longevity of the magma supply, the distribution and size 
of the along-axis magma chambers and the sequence of eruption events within a 
particular segment are also important influences on the volcano-tectonic fabrics 
observed. 
 
•  A source for an enhanced melt supply to the ridge may be the Réunion Hotspot 
which is located approximately 1100km to the west of the ridge.  There is some 
geochemical evidence that interaction maybe occurring to enhance the thermal 
input along the axis, although interaction may not be occurring within the 
northern segments of the CIR (Murton et al., 2005; Nauret et al., 2006).   Instead 
enhanced on-axis upwelling may be providing a significant source of melt in the 
northern region of the study area (Segment 16), with hotspot material deflected 
towards the southern segments (Segment 12). 
 
Chapter 6 will now examine in detail the structure and influence of NTDs located 
between the segments within the study area. 
 
                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
 
 
 
6-1 
 
Chapter 6 
Numerical Modelling of Non-Transform Discontinuity 
Geometry 
 
Non-Transform Discontinuities (NTDs) are diffuse, small scale offsets (0 to <20km), 
which are characterised along the Central Indian Ridge (CIR) by central basins or 
topographic highs.  The geometry of NTD offsets can be categorised by the relative 
along- and across-axis positions of the segment tips.  In this chapter finite difference 
software is used to model segment geometry under a normal tensile-stress within a 
homogeneous and isotropic medium.  Along- and across-axis segment separations are 
varied incrementally for left- and right-stepping senses.  The results show that the ratio 
of along-axis to across-axis segment tip separation is a dominant control of stress field 
rotation within an NTD.  Features clearly exhibiting rotation within an NTD include 
basins and tectonically controlled constructional ridges.  The obliquity of these features 
and the surrounding fault fabrics allow the observation and measurement of stress 
rotations within NTDs along the CIR.  These rotations are used to obtain segment 
geometries from models where the central tensor showed an equivalent rotation.   
Geometry is shown to have a profound effect on stress field rotation under which large- 
and small-scale volcano-tectonic fabrics form.  A shortfall of the predicted model tips 
relative to the interpreted positions, along with observation of the ridge fabrics at the 
terminations to the segments, suggests the existence of a zone, broadly analogous to the 
process zone observed in fracture mechanics, which we call a damage zone.  Given the 
criteria for the promotion of hydrothermal circulation, this damage zone would have a 
greater potential for hosting hydrothermal activity.   
 
 
 
 
This chapter appeared as a paper in Earth and Planetary Science Letters, February 
2007, v.257, pp.146-159; doi:10.1016/j.epsl.2007.02.028.  The authors are Stephen 
Tyler, Jonathan M. Bull, Lindsay M. Parson and George W. Tuckwell.  The relative 
contributions to the paper, is indicated by the listed order of the authors.                                                                                        Chapter 6 – Numerical Modelling of NTD Geometry 
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6.1  Non-Transform Discontinuities 
 
Ocean ridge discontinuities partition and offset spreading centres into spatially and 
temporally independent segments at a range of scales, which are observed to migrate, 
lengthen or shorten over time (Macdonald et al., 1988; Grindlay et al., 1991).  Large 
scale and structurally organised discontinuities are synonymous with first-order 
transform faults which can offset a ridge by 10-100km.  Small or zero offset NTDs (0 to 
<20km) have a more diffuse structure.  NTDs are important features along oceanic 
ridges as they occur with a greater frequency than larger and more temporally stable 
transform offsets.   
 
Although NTDs have small offsets, their influence on the lithosphere can be very 
important to ocean ridge structure, most notably in the rotation and control of 
volcano-tectonic fabrics and their off-axis traces (rifted basins and chevron structures or 
‘wakes’).  Estimates from magnetic studies (e.g. Macdonald et al., 1988) suggest that 
20% of the seafloor may be affected by the wakes of migrating discontinuities.  This 
disturbance of the lithosphere may be a result of discontinuities migrating away from 
regions of partial melt where magma supply is reduced.  The crust will be thinner in the 
vicinity of the NTDs and more geochemically fractionated.  The balance between 
magma supply and extensional tectonism will induce increased lithospheric stretching.   
 
NTDs may initiate by sustained differential, asymmetric spreading occurring between 
two spatially independent segments (Macdonald et al., 1988; Grindlay et al., 1991). 
Ultimately discontinuities, with the exception of transforms, have a common origin 
linked to upwelling and segregation of mantle melt beneath the mid-ocean ridge, 
resulting in the propagation of magmatic pulses along the ridge (Macdonald et al., 
1988).  The morphotectonic variability displayed by non-transform offsets however, 
suggests that discontinuities are influenced by a variety of factors including, stress fields 
and lithospheric rheology (Grindlay and Fox, 1993).  NTDs respond differently to plate 
motion, local and far-field stresses to more structurally and temporally organised 
transforms.  They are also influenced by the processes associated with the way 
individual segments and groups of segments rearrange themselves in response to mantle                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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diapirism, melt driven processes, changes in spreading direction, gravitational spreading 
and crack propagation (Spencer et al., 1997).  NTD offset geometry has been 
established as an important factor in crustal thickness and lithospheric structures 
associated with hydrothermal circulation (Grindlay and Fox, 1993; Spencer et al., 1997; 
German and Parson, 1998). 
 
Grindlay and Fox (1993) used finite element analysis to examine the horizontal tectonic 
stress fields produced by offsets at ridges with different spreading rates. The models 
suggest that non-transform offsets, particularly along slow spreading ridges, are zones 
of mechanical weakness relative to the surrounding lithosphere.  A weaker ridge-normal 
stress relative to the shear stresses within a discontinuity produced models most closely 
resembling overlapping spreading centre geometries observed along fast-spreading 
ridges.  This distinct change in behaviour of lithospheric rheology and NTD geometry 
between fast- and slow-spreading ridges was attributed to magma-supply rates, which 
are relatively  continuous at fast-spreading ridges and intermittent at slow-spreading 
ridges.   
 
This study examines small (<11km across axis) offset NTDs along a slow spreading 
ridge.  In contrast to the work of Grindlay and Fox (1993), consideration is given to 
stress distributions associated with variable along- and across-axis offset NTD 
geometries.  Numerical modelling in conjunction with observation of the ridge fabrics is 
used to understand and apply model results to specific NTD structures along the CIR.  
 
The stresses surrounding discontinuities and the rotations generated in the tectonic and 
volcanic fabrics may produce complex and cross-cutting fault populations.  The 
resulting increase in crustal permeability coupled with a suitable heat supply could 
promote hydrothermal circulation (Lister, 1974).  Observations of cross-cutting fault 
fabrics have been made at the Trans-Atlantic Geotraverse (TAG) hydrothermal vent site 
(Humphris and Kleinrock, 1996; Kleinrock and Humphris, 1996) which, exemplify the 
role of increased permeability through faulting and fissuring for the development of 
hydrothermal systems away from segment centres.  The required heat source may be 
generated from the serpentinisation of exposed ultramafic massifs in these regions, or                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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through along-axis transport of heat from magmatic centres (Gràcia et al., 1997a; Gràcia 
et al., 1997b; German and Parson, 1998).   
 
Theories on the geological setting for hydrothermal vent activity have required revision 
over recent years due to new observations and discoveries of vent sites along the 
world’s ocean ridges.   For example, vent sites are now associated with ridges exhibiting 
a range of spreading rates and are not restricted to the relatively warmer segment centres 
(German et al., 1996b; German et al., 1998; German and Parson, 1998; Tivey et al., 
2003).  Further evidence of hydrothermal circulation independent of segment centres 
includes, vent signatures in the water column being observed along fracture zones 
(German et al., 1995).  
 
NTD geometry has a profound influence on how tectonic and volcanic fabrics develop 
within a discontinuity.  Based on structural criteria and observation, the geometry of 
NTDs has been classified (Macdonald et al., 1991; Spencer et al., 1997).  Three distinct 
types of NTDs were identified along the Mid-Atlantic Ridge (MAR).  These included; 
(i) septal offsets, marked by a topographic ridge separating the spreading segments, (ii) 
a brittle/ductile extensional shear zone, marked by oblique extensional fractures, and 
(iii) NTDs with no accommodating structure, and a <5km offset.   
 
NTDs can also be categorised by the sense of offset, right-stepping or left-stepping and 
by the relative positions of the segment tips (Figure 6.1). The segment tip configurations 
include underlapping, overlapping or simple across-axis jumps or stepping in the ridge 
axis.  Significant oblique orientations of the large- and small-scale fabric within an NTD 
is strongly influenced by the direction and separation ratio of the offset.   
 
This chapter will focus on the detailed numerical modelling of a range of geometries 
and configurations for slow-spreading ridge segments forming small-offset NTDs along 
the CIR.  The effects of these geometries on the stress fields within which the intra-
NTD volcano-tectonic fabrics are developing will be examined and the dominant 
controls on the stresses, NTD morphology and volcano-tectonic fabric development will 
be described.  Survey data collected along the CIR allows numerous NTDs to be                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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examined.  This data also provides an opportunity to directly analyse the model results 
with the observed CIR intra-NTD volcano-tectonic fabrics using Geographical 
Information System (GIS) spatial analysis tools.   
  
The development of numerical models and observation of the model results in a spatial 
framework will address three fundamental questions; (i) How does NTD geometry 
affect the interaction of stress fields generated by the segment tips in the interior of an 
NTD? (ii) How can these geometrical models help to define more clearly the 
mechanical limits of a segment?, and (iii) What are the implications for locating 
potential sites for hydrothermal circulation based on the potential for enhanced crustal 
permeability at segment ends?  In this chapter generic numerical models for all possible 
NTD geometries are presented, and used to analysis three specific NTDs along the CIR. 
 
6.2  Generic Models 
 
Numerical modelling provides an appropriate solution for studying the effects of the 
large range of variables associated with the interaction of stresses in the oceanic 
lithosphere (Jaeger and Cook, 1979; Engelder, 1993; Behn et al., 2002) and a large 
range of NTD geometries.  Figure 6.1a summarises a generic NTD geometry and the 
range of modelling conducted.  The spreading segments are shown, separated by an 
along-axis distance (Y) and an across-axis distance (X).  A particular NTD geometry 
can be expressed as a separation or separation ratio (Y/X).  
 
A separation ratio with a value of +1.5 describes an NTD where the along-axis 
separation is 1.5 times the across axis separation (Figure 6.1b); a value of 0 represents 
no along-axis separation (Figure 6.1c); a value of –1.5 represents a segment overlap of 
1.5 times the across-axis separation (Figure 6.1d).  The orientation of the stress tensor 
(θ) mid-way between the two segment tips is here termed the central stress tensor.  In 
these initial models the orientation of θ changes anti-clockwise with increasing segment 
overlap. 
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Fast Lagrangian Analysis of Continua (FLAC) (ITASCA, 1999) is used to model ridge 
segments as mode I cracks within a homogenous and isotropic medium.  A single crack 
simulation using FLAC was compared to the theoretical stress field distribution for a 
single mode I crack (Atkinson, 1987).  The results show a very good correlation, both in 
the distribution and magnitude of the mean stresses around the crack (Figure 2.18). 
 
Lachenbruch (1973) estimated the range of ridge strength to be 10-30MPa.  A strength 
of 30MPa is therefore used as a boundary condition for our numerical models.  The 
elastic parameters used include a shear modulus of 2.9MPa (Wright, 1998), and a 
Poisons Ratio of 0.46 (Wright, 1998).  Our models assume a brittle crust present at the 
ridge axis however, the depth or z-axis is negligible relative to the x and y grid 
dimensions.  The stresses applied are integrated over time, which is represented as 
calculation steps within the model.  The stress tensor distribution after an equilibrium 
condition is reached is used to compare the present day strains observed along the CIR.   
 
At the scale of the regions of interest at the ends of the CIR segments, the plate 
boundary can be modelled as a mode I extensional crack (Atkinson, 1987).  Mode I 
cracks are a good approximation of the segment tip behaviour within brittle crust.  The 
rotation of stresses and the fault fabrics are closely analogous to those observed around 
crack tips in studies of brittle materials in fracture mechanics (Tuckwell et al., 1996).   
 
Zero-displacement boundary conditions were set along the upper and lower edges of the 
model grid to avoid model distortion.  The monitored section of modelled grid was set 
at a significant distance from the grid boundaries to avoid boundary effects.  The 
direction of the stress field at any grid point is given by the stress tensors with the 
maximum magnitude oriented at 90° (normal to the crack) at the crack tip.  The rotation 
of the stress tensor field rotates from the 90° equilibrium orientation upon interaction 
with stress fields generated by an adjacent crack tip, allowing accurate measurement of 
tensor orientations.  A range of model geometries were run and these demonstrate that 
the stress tensor (central stress tensor) located centrally between the crack tip is a 
reliable reference for the particular geometries or segment tip separations for small 
offset NTDs.  The degree of rotation is controlled by the separation ratio (Figure 6.1).                                                                                       Chapter 6 – Numerical Modelling of NTD Geometry 
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Figure 6.1  A summary of the three fundamental NTD geometries.  (a) The measurement criteria for the 
tensor rotation angle θL and aspect ratio, for a left-stepping sense of offset.  A right-stepping sense has the 
tensor rotation angle θR.  The geometry of the NTD is defined using an aspect ratio of (Y/X).  (b) An 
underlapping geometry showing interaction of the segment tip stress fields.  θL=110°.  The NTD stress 
field is represented by the stress tensors in red.  The principal stresses (σ1), at each grid point are shown in 
blue and are at 90° to the stress tensors.  (c) An across-axis stepping geometry, θL=75°.  (d) An 
overlapping geometry θL=55°. 
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Figure 6.2 shows the results of a series of numerical modelling experiments conducted 
to find the relationship between the separation ratio of two adjacent segments at an NTD 
and the nature of the orientation of the central stress tensor, measured using the 
previously defined angles θL (for a left-stepping offset) or θR (for a right-stepping 
offset).  Positive separation ratios represent underlapping segments, a ratio equal to 0 
represents a simple stepping configuration and negative values represent overlapping 
segments (Figure 6.1).  The y-axis relates these separation ratios to corresponding 
central stress tensor rotations in the models.  Figure 6.2 also indicated that the 
orientation of the central stress tensor varies by 57° over a limited separation ratio range 
of ±1.0.  The separation ratio range for the CIR NTDs, through measurement of the 
central tensor rotation, map to model separation ratios between +0.5 and +1.1.  The 
observed fabric located between the segment tips is used to predict the central stress 
tensor orientation which allows determination of the model separation ratios.  These 
ratios fall in a critical zone of significant rotation predicted by the numerical models 
(Figure 6.2).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2  Results from a continuum of along-axis separation experiments, where segment tip separation 
is measured as an along- and across-axis aspect ratio, and is plotted against the central tensor rotation 
angle,  θL for left-stepping and θR for right-stepping tip geometry.  Significant rotation is observed 
throughout each experiment, with a rotational range of 57°.  Construction lines for NTDs C, D and H are 
shown relating observed fabric rotations of θR=92°, θL=99° and θR=96° respectively (after correction for 
placement from the oblique CIR axis on to the orthogonal model grid) to each separation ratio for each of 
the model tips for an equivalent rotation of the central model stress tensors. 
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The observed angles 150°, 157° and 154° for NTDs C, D and H respectively, are 
corrected to give the equivalent tensor angles of rotation of the fabrics on the orthogonal 
model grid.  The resulting values of 92°, 99° and 96° respectively, are plotted in Figure 
6.2.  These values correspond to model separations within a region of the graph showing 
significant rotation for relatively small changes in separation ratio for the modelled 
central stress tensor.   
 
The analysis shows that NTDs C and D have a similar aspect ratio and exhibit a similar 
obliquity in the volcano-tectonic fabrics at their centre.  NTD H has a greater aspect 
ratio and has a higher degree of obliquity in the central basin.  The model results show 
that the natural geometries of NTDs along the CIR, and presumably along other ocean 
ridges, have overlap geometries that correspond with a range of orientations which can 
be matched to one of the modelled central stress tensor orientations.  It is therefore 
proposed that the orientation of the central stress tensor is a sensitive indicator of the 
mechanical behaviour of NTD segment tips.  The models will also be applied to NTDs 
along the Mid-Atlantic Ridge (MAR) (Chapter 7). 
 
6.3  Model Application to the CIR. 
 
Table 6.1 summarises the discontinuity statistics within the study area.  The across-axis 
offset for each NTD within the study area ranges between 2 and 10km.  For each NTD 
the along axis separation of the segment tips is much less than the across axis 
separation.   
 
The initial interpretation of the segment terminations for each NTD, used to measure the 
offsets, have been identified using bathymetry and sidescan data.  These observations 
include; (i) the curvature in the volcano-tectonic fabrics and valley walls, (ii) the 
presence of significant tectonism and fissuring of the lithosphere, and (iii) an 
accumulation of volcanic construction, particularly hummocky volcanic terrains.  The 
tip is interpreted where the valley floor and the volcano-tectonic features terminate, 
usually in conjunction with an abrupt change in seafloor gradient. 
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Table 6.1  A summary of discontinuity statistics along the CIR. 
Name
* 
 
Segments
** 
 
Sense 
 
Along-axis 
Offset 
(km) 
Across-axis 
Offset 
(km) 
Interpreted Type
*** 
 
Azimuth
**** 
 
Depth 
Range 
 
NTD A  9 and 10  Right  5  11.3  Overlapping with high  -  - 
NTD B  10 and 11  Left  4  11.5  Overlapping with basin  -  - 
NTD C  11 and 12  Right  -0.5  4.9  Underlapping with basin  -  - 
NTD D  15a and 15b  Left  -0.9  3.8  Underlapping with basin  -  - 
NTD E  15b and 15c  Left  2  4.8  Overlapping with high  -  - 
NTD F  15c and 15d  Right  0  3.0  Stepping with high  -  - 
NTD G  15d and 15e  Right  -1  1.6  Underlapping with basin  -  - 
NTD H  15e and 16  Right  -3.8  4.5  Underlapping with high  -  - 
FZ1  12 and 13  Left  -  31.3  Transform  57  2840-
FZ2  13 and 14  Left  -  62.8  Transform  59  3320-
Egeria FZ  14 and 15a  Left  -  45.7  Transform  59  2860-
 
*   The NTDs are labelled A to H from south to north along the Central Indian Ridge, within the study 
area. 
**   The nomenclature for the CIR segments is from (Briais, 1995) 
***    Based on interpreted overlapping, underlapping or stepping segment tip geometries.  The 
description is based on observed centralised feature within the NTD.   
****   The azimuth is an average of the measurements recorded at intervals along the length of the PTDZ 
(Principal Transform Displacement Zone) using GIS software with an error of approximately 2°. 
 
 
The dominant observable features which show rotation within an NTD include basins 
and tectonically controlled constructional ridges, also referred to as septal offsets 
(Spencer et al., 1997).  The obliquity of these features along with measurements of the 
surrounding fault fabrics are used as a means of calculating stress rotations (Tuckwell et 
al., 1998).  These central features are also a point of reference for co-location of the 
modelled and CIR NTDs (Figure 6.2).   
 
NTDs C, D and H are a representative sample of the NTD offsets and geometries 
observed in the study area.  NTDs C and D are similar in geometry but have different 
senses of offset, and therefore allow examination of the changes in the stress fields 
generated at NTDs attributable to segment offset direction.  NTD H, as with NTD C, 
has a right-stepping sense but the offset geometry has a larger aspect ratio, and therefore 
these models compare changes in stress field rotation relative to aspect ratio.  The 
maximum magnitude of fabric rotation observed within NTDs C, D and H is within 7°.   
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The range of separation ratios predicted for NTDs C, D and H vary significantly from 
the separation ratios based on interpretation of tip locations from the morphology and 
tectonic fabrics along the CIR.  The interpreted CIR NTD separation ratios, range from 
+0.1 to +0.8 (Table 6.2).  The difference between these results indicates that the 
measurement of geometries directly from the CIR morphology is unlikely to be as 
informative as quantifying geometries by the observation of localised rotation in the 
ridge fabrics. 
 
Consequently, the proposed methodology removes the need to rely on estimates of tip 
positions at the terminations of segments, but rather requires careful observation of 
fabric rotation in the centre of the NTD to infer the NTD geometry from the model 
results.   
 
6.4  Model Results 
 
6.4.1  NTD C – Segments 11 and 12 
 
NTD C offsets Segments 11 and 12 by a distance of 5.4km orthogonal to the ridge axis 
and has a right-stepping sense of offset (Figure 6.3).  The interpreted segment tips 
underlap by 0.5km, which gives a separation ratio of 0.1 (Table 6.2).  The strike of the 
neovolcanic zone corresponds to a bathymetric deep for each segment (Figure 6.3b).   
 
Analysis of the volcano-tectonic morphology of the inner valley floor shows that 
segment tips are dominated by fault fabrics and hummocky volcanic terrain.  The 
central basin is a dominant feature within the NTD.  It has a depth of 80m and a long 
axis orientation of 150°.  The surrounding faults accommodated within the discontinuity 
show significant curvature around this basin.  The orientation of the basin, with 
consideration of the surrounding faults within the NTD, is used as a point of reference 
for model fitting across the NTD, i.e. point of angular comparison with the central 
tensor in the numerical model.  The long-axis orientation of the basin is also used as a 
measure of the rotation of the stresses in the central region of the NTD.   
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Figure 6.3  Analysis for NTD C. The model segments are shown by the red circles and the interpreted 
segments by the black lines.  (a) Bathymetric map of NTD C (20m contour interval).  (b) TOBI sidescan 
data colour shaded for depth using the bathymetry colour scale.  (c) Contoured tensor angle deflection 
(θD) from the plate motion vector (58°), contoured at ±2° intervals.  θR or θL = 58°±θD.  The central basin 
is located at 68°06’29’’E and 20°24’20’’S.  (d) Interpretation based on sidescan and bathymetry data.  
The model segments are shown by the red circles and the axial valley of the interpreted segments are 
shown in dark grey.  The modelled segment tips are set back from the interpreted segment valley (α1 and 
α2).  The blue dashed line indicates the orientation of the Central Basin.  (e) Rose diagrams of the stress 
tensor and fault fabric orientations which show a close correlation for the interior of the NTD.  The tensor 
orientations have a mean of 149°, standard deviation of 20° and a median value of 153°.  The fault 
orientations have a mean of 143°, a standard deviation of 29° and a median value of 147°.  (f) Key for the 
bathymetry, tensor rotation and interpretation figures.                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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The tensor angle deflection predicted by the numerical models is shown in Figure 6.3c 
as colour coded zones.  The tensor angle deflection is a measure of the rotation of the 
stress tensors predicted by the numerical model away from an equilibrium tensor 
orientation orthogonal to the ridge axis trend.  The region between the segment tips 
produces a range of rotational deflection between 0° and 12°.  The central basin 
indicated in Figure 6.3a, corresponds to a zone of rotation between 0° and 2°.     
 
The model tip locations are shown on Figure 6.3d. The distances between the model 
derived segment tips and the tips interpreted from the bathymetry and sidescan data are 
shown by α1 and α2.  The model tips are located behind the interpreted tip locations for 
both segments.  The axial valley of Segment 11 in which the model tip is located 
narrows and extends ahead of the model tip locations.  These regions show much less 
well developed hummocky texture and are interpreted to be more tectonically 
controlled.  It is proposed that these regions represent zones of focussed stress 
analogous to the regions of elevated stress associated with the tips of extensional or 
mode I fractures. 
 
6.4.2  NTD D – Segments 15a and 15b 
 
NTD D offsets Segments 15a and 15b by a distance of 3.4km orthogonal to the ridge 
axis and has a left-stepping sense of offset (Figure 6.4).   
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Figure 6.4  Analysis for NTD D.  The model segments are shown by the red circles and the interpreted 
segments by the black lines.  (a) Bathymetric map of NTD D (20m contour interval).  (b) TOBI sidescan 
data colour shaded for depth using the bathymetry colour scale (c) Contoured tensor angle deflection (θD) 
from the plate motion vector (58°), contoured at ±2° intervals.  θR or θL = 58°±θD.  The central basin is 
located at 66°1’30’’E and 19°45’45’’S.  (d) Interpretation is based on sidescan and bathymetry data.  The 
model segments are shown by the red circles and the axial valley of the interpreted segments are shown in 
dark grey.  The modelled segment tips are set back from the interpreted segment valley (α1 and α2).  The 
blue dashed line indicates the orientation of the Central Basin.  (e) Rose diagrams of the stress tensor and 
fault fabric orientations which show a close correlation for the interior of the NTD.  The tensor 
orientations have a mean of 141°, standard deviation of 19° and a median value of 144°.  The fault 
orientations have a mean of 147°, a standard deviation of 18° and a median value of 149°.  (f) Key for the 
bathymetry, tensor rotation and interpretations.                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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The interpreted segment tips underlap by 0.9km, and have a separation ratio of 0.2 
(Table 6.2).  Segment 15a has a particularly tectonised tip within the zone of segment 
termination (Figures 6.4a and b).  The end of Segment 15b shows much less tectonism 
and more volcanic construction, particularly ahead of the interpreted tip.  The segment 
tip also narrows significantly as it approaches the NTD.   
  
NTD D contains ridges and basins, which have clear obliquity to the fabrics found 
within the main segments.  A heavily faulted basin oriented at 157° and 60m in depth 
dominates the central region of this NTD (Figures 6.4a and b).  Well formed ridges 
(80-100m in height) link the inside corners of this NTD in a similar fashion to the 
outside corner linkage of the septal offsets described by Sempéré et al. (1993) and 
Spencer et al. (1997).  The pattern of orientation and magnitude of the principal stress 
tensors differs significantly from those observed for NTD C (Figure 6.4c).  The zone 
between the segments tips produces a range of rotational deflection between 0° and 24°.  
The contours representing tensor rotations greater than 24° (coloured white) are largely 
rotations attributable to individual segment tips rather than stress field interactions in the 
central region of the NTD.   
 
The difference between the distributions and relative proportions of volcanic and 
tectonic fabrics identified at the tips of Segments 15a and 15b could relate to different 
processes occurring within these regions.  Tip propagation is likely to be associated with 
significant tectonism and the presence of a well developed damage zone.  Segment tip 
retreat is likely to relate to a subdued morphology and less tectonism in the damage 
zone.  Therefore, an interpretation of the observations of the volcano-tectonic 
distributions within NTD D is that Segment 15b is in retreat and Segment 15a is 
propagating, which would result in the migration of this NTD northwards.     
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6.4.3  NTD H - Segments 15e and 16 
 
NTD H offsets Segments 15e and 16 by a distance of 4.1km orthogonal to the ridge axis 
and has a right-stepping sense of offset (Figure 6.5).  The interpreted segment tips 
underlap by 3.4km, which gives a separation ratio of 0.8 (Table 6.2).  NTD H has a very 
similar geometry and stress distribution to NTD C.  However, the prediction of segment 
tip distribution from the numerical model shows a much closer correlation to the 
interpreted position of the tip of Segment 16.  This is significant because morphological 
observations and volcano-tectonic fabric analysis suggest that this segment is a more 
magmatically robust segment than the others located within the study area.  The 
apparent absence of large-scale fracturing at the segment tips can be attributed to a more 
diffuse and small-scale fault population due to a weaker lithosphere within the axial 
valley being unable to accommodate significant faulting.   
 
6.4.4  Segment and Model Tip Positions 
 
The results show the model aspect ratios and positioning based on the orientation of 
features, particularly central basins or highs within small-offset NTDs, are 
predominantly influenced by the perturbations in the stresses generated by the 
interaction of the respective segment tips.  To compare the numerical model data with 
the CIR NTD geometries, the long-axis orientation of the basin or topographic high at 
the centre of the NTD is used to correlate with the obliquity of the stresses in the central 
region of the modelled NTD separations.  Only the across-axis segment separation is 
used to scale the models based on the orientation of the neovolcanic zones.  This 
independence enables the model to predict new segment tip locations based on the 
observed stress field orientations in the interior of the NTD. 
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Figure 6.5  Analysis for NTD H.  The model segments are shown by the red circles and the interpreted 
segments by the black lines.  (a) Bathymetric map of NTD H (contour interval 20m).  (b) TOBI sidescan 
data colour shaded for depth using the bathymetry colour scale (c) Contoured tensor angle deflection (θD) 
from the plate motion vector (58°), contoured at ±2° intervals. θR or θL = 58°±θD.  The central high is 
located at 65°28’10’’E and 18°43’35’’S.  (d) Interpretation based on sidescan and bathymetry data.  The 
axial valley of the interpreted segments are shown in dark grey.  The modelled segment tips are set back 
from the interpreted segment valley (α1 and α2).  (e) Rose diagrams of the stress tensor and fault fabric 
orientations which show a close correlation for the interior of the NTD.  The tensor orientations have a 
mean of 143°, standard deviation of 44° and a median value of 161°.  The fault orientations have a mean 
of 155°, a standard deviation of 23° and a median value of 157°.  The fault orientations show a bimodal 
distribution.  (f) Key for the bathymetry, tensor rotation and interpretations.                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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The model tip locations are indicated in Figures 6.3d, 6.4d and 6.5d and are generally 
located to varying distances behind the tip locations interpreted from morphology as 
shown by α1 and α2.  Morphological change such as the narrowing and deepening of the 
axial valley is generally observed in these regions.  The results suggest that the 
difference between the interpreted and model tip positions may be the result of a zone of 
focused stresses producing a damage zone ahead of the segment tips.   
 
6.5  The Damage Zone 
 
The results have demonstrated how NTD geometry influences the stress fields generated 
within a discontinuity.  The greatest rotation of the central stress tensor occurs between 
separation ratios of +1 and -1.  Significantly, the separation ratios measured for the 
discontinuities along the CIR fall within this zone of significant change (Table 6.2).   
 
Table 6.2  A summary of model fit statistics. 
 
Interpreted Parameters  Model Derived Parameters 
NTD 
 
Segment
 
Segment 
Length 
(km)
* 
Sense 
 
Feature 
orientation 
(°) 
Offset 
ratio
** 
Tensor 
orientation 
(°)
*** 
Offset 
Ratio 
**** 
Length of 
damage zone 
(km) 
Damage zone 
(% of segment 
length) 
C 11 59.8±1  Right  150±2  0.1±0.2 60±2  0.7  2.8±0.5  4.7±0.8 
  12  13.9±1        1.7±0.5  12.2±3.7 
               
D 15a 57.4±1  Left  157±2  0.2±0.3 67±2  1.1  2.0±0.5  3.5±0.9 
  15b  53.0±1        2.5±0.5  4.7±0.9 
               
H 15e 12.6±1  Right 154±2  0.8±0.3 64±2  0.6  0.7±0.5  5.6±4.0 
  16  73.3±1        0.2±0.5  0.3±0.7 
 
*   Segment length is based on observation of the volcano-tectonic fabrics and segment morphology. 
**   The interpreted NTD offset ratio from the CIR data measured as the separation ratio between the 
along axis (Y) and across axis (X) separations of the interpreted segment tips (Y/X).  
***   The tensor orientations match the feature orientations observed at the CIR NTDs after correction 
for the orthogonal grid used in the models and the obliquity of the CIR axis to this grid. 
****  The model offset ratio values are derived from the model segment tip positions generated by 
matching the corrected rotation of the stress tensor values with the feature rotations observed from 
the CIR NTDs. 
 
Careful comparison of the observed segment ends within the study area, along with the 
modelling results suggest an underlying controlling mechanical process not identifiable 
solely from the survey data.  Table 6.2 shows, that there is a consistent difference 
between the model tip positions and the interpreted positions.  The model tip locations 
are set back from the interpreted segment ends by a distance up to 2.8km, and up to                                                                                      Chapter 6 – Numerical Modelling of NTD Geometry 
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12% of the length of a segment.  The regions ahead of the predicted model tips show, in 
some segments a higher fault density, increased volcanism (mostly comprising 
hummocky mounds) and an elongated and narrower axial valley.   
 
Stresses for mode I cracks which are analogous to the segments modelled along the CIR 
are concentrated at the tips.  Observation of the tip regions for mode I cracks in studies 
related to fracture mechanics, have described the presence of a process zone ahead of 
the crack tip (Atkinson, 1987; Cox and Scholz, 1988; Cowie and Scholz, 1992).  A 
process zone can be described as a region of softening ahead of a crack, produced by 
stresses at the crack tip promoting the development of finer-scale fissuring adjacent to 
the tip, weakening the material and promoting linkage of these fissures and eventually 
crack propagation.  The models and observations suggest that a broadly analogous zone 
of faulting, a damage zone, is present ahead of some of the segment tips.  The damage 
zone may act as a zone of crustal softening, behaving inelastically ahead of the true 
segment tip.   
 
The results suggest that there is a distinction between: 
 
(i)  A mechanically open segment responding to far-field tensile stresses, 
exhibiting brittle and elastic behaviour under extension through seafloor 
spreading. 
(ii)  A damage zone showing distributed brittle and inelastic deformation. 
(iii)  The physical discontinuity along the ridge axis experiencing rotation of the 
local stress fields and showing obliquity in the observable volcano-tectonic 
fabrics.    
 
The segments in this study, interpreted from the bathymetry and sidescan sonar data, 
can therefore be redefined as a combination of a mechanically open segment behaving 
as a linear region with the properties of a mode I fracture in an elastic sheet, and an 
inelastic damage zone. 
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6.5.1  Implications for Hydrothermal Activity within the Damage Zone 
 
This study points to a complex assemblage of tectonic and volcanic structures directly 
influenced by NTD geometry and segment scale processes associated with 
discontinuities in the ridge axis.  It appears that the nature of the fault fabric orientations 
and hence the degree to which the permeability of the crust is increased may depend on 
how a NTD develops over time, reflecting the proximity of the tips and the nature of its 
geometry.  Given the criteria for the promotion of hydrothermal circulation, a damage 
zone has the potential to provide a suitable environment for hydrothermal circulation to 
initiate.  In the context of this study, favourable locations for hydrothermal vent sites are 
likely to be found between the mechanical segment tip (predicted by the model) and the 
termination of the damage zone adjacent to the discontinuity along the ridge axis.   
Hydrothermal circulation in these regions is likely to be initiated where tectonic fabrics 
under geometrically influenced stress fields have persisted and are coupled with a 
suitable local heat source.   
 
Observations along other ocean ridges, for example the slow-spreading MAR, show that 
mechanisms for the formation of long-lived, tectonically hosted hydrothermal vent 
fields such as TAG (Scott et al., 1974; Rona et al., 1984; Tivey et al., 2003) and 
especially Rainbow (Fouquet et al., 1997; Parson et al., 2000) are poorly understood.  
The Rainbow hydrothermal vent field is a fault controlled hydrothermal system, 
associated with a NTD hosting ten discrete clusters of active black smoker (≤364°C) 
chimneys (German et al., 1996a).  German and Lin (2004) argue that both hydrothermal 
cooling which extends into the lower crust and heat release from serpentinisation could 
contribute to the required heat budget at sites like Rainbow.  Evidence has been found 
for along-axis magma penetration from the central part of a rift segment to the tip, 
resulting in a lateral shift of hydrothermal activity with time (e.g. Krasnov et al., 1995).  
Serpentinisation associated with the exposure of ultramafic rocks within NTDs has also 
been identified as a possible source of heat (Gracia et al., 2000).    
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6.6  Conclusions 
 
On the basis of the numerical modelling and analysis of NTD geometry, the following 
conclusions are made: 
 
•  The evidence presented in this chapter has shown that the complex nature of the 
ridge axis discontinuities, with their associated tectonism and volcanism, makes 
identification of the segment tips difficult. 
 
•  Numerical modelling has provided a new method of aiding in; 
 
•   (i) the interpretation of NTD geometry, (ii) the understanding of the stress fields 
generated by these geometries, and (iii) the response of the intra-NTD volcano-
tectonic fabrics to localised rotational effects. 
 
•  NTD geometry and particularly the separation ratio is a critical factor in the 
rotational magnitude of the intra-NTD stress field and the obliquity of the fabrics 
observed.  Large-scale features such as, basins and constructional ridges appear 
particularly responsive to this rotation. 
 
•  The model data when mapped onto the CIR, suggests that there is a distinction 
between a mechanically open segment responding to far-field tensile stresses, a 
damage zone undergoing crustal softening and the physical discontinuity along 
the ridge axis.  Interpretation from survey data encompasses the mechanical 
combination of these components.   
 
•  The data also shows that the rotation of fabrics within NTDs and associated 
complex fault development adjacent to and within the damage zone, are likely to 
increase crustal permeability.  This may lead to an enhanced potential for the 
development of hydrothermal circulation in these regions.                                                                       Chapter 7 – Discussion, Conclusions and Further Work 
 
 
 
        7-1 
 
Chapter 7 
Discussion, Conclusions and Further Work 
 
7.1  Overview 
 
To gain a thorough understanding of ridge axis processes it is essential to determine at a 
range of scales, how and in what circumstances one mode of axial morphology passes 
into another.  The study area encompasses a section of the Central Indian Ridge (CIR) 
spreading at a constant rate where abrupt transitions in morphology are observed along 
strike.  The data acquired within the study area has provided an important opportunity to 
study at a variety of scales, the mechanical responses of the CIR lithosphere to 
variations in strain and thermal flux. The analysis has highlighted the importance of 
these parameters in the control of volcano-tectonic processes, morphology and ocean 
ridge structure.  
 
In Chapter 3 (Figure 7.1a) a general analysis of the plate motions affecting the CIR 
geometry and a first-order appraisal of the regional morphology was made.  Chapter 4 
(Figure 7.1b) presented a detailed analysis of the segment-scale morphology within the 
study area and examined the along-axis profile which provided a foundation for the 
subsequent volcano-tectonic and structural analysis.  A detailed examination of the 
volcano-tectonic fabric distribution within the study area was completed in Chapter 5 
(Figure 7.1c).  Specifically, strong relationships were identified between the segment 
scale morphology, volcanic distribution and the tectonic analysis, including 
relationships between fault length, spacing and density.  Chapter 6 (Figure 7.1d) 
provided a detailed analysis of the effect of small-offset Non-Transform Discontinuities 
(NTDs) on local stress-fields along the CIR.  This chapter proposed a new way to 
consider segment structure, with active segments terminated to varying degrees by                                                                   Chapter 7 – Discussion, Conclusions and Further Work 
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tectonised damage zones.  Figure 7.1 presents a summary of the main results and 
analysis from each chapter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1  A summary diagram to show the elements of analysis conducted within each chapter of this 
thesis. 
 
This chapter integrates the results of this work into a tectono-volcanic model of the CIR, 
and discusses the main implications for the understanding of the active processes along 
the ridge axis.  The numerical modelling methodology presented in Chapter 6 is applied 
to the Mid-Atlantic Ridge (MAR) to determine if these models are applicable to NTDs 
along other ocean ridges.  New geochemical data acquired within the study area is also 
used to examine the locations of hydrothermal signatures along the CIR.  Correlations 
between geochemical data (hydrothermal plume signatures), the CIR NTD modelling 
analysis and observed segment structure are evaluated.  This chapter also considers the 
areas of further work necessary to gain a more complete understanding of the 
tectono-volcanic processes within the study area, and how the knowledge gained from 
this work can be applied to other ridge environments.   
 (a) Chapter 3: Tectonics & Regional Morphology
Region A  Region B  Region C 
 (c) Chapter 6: NTD Geometry 
 (b) Chapter 4: Segment Morphology 
 (d) Chapter 5: Volcano-Tectonic Analysis                                                                   Chapter 7 – Discussion, Conclusions and Further Work 
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7.2  A Model of the CIR 
 
The CIR is composed of a complex assemblage of eleven first-, second- and third-order 
segments, offset by three transform faults and eight NTDs.  The CIR has a spreading 
rate between 47 and 51mmyr
-1, and regionally shows evidence of a temporally stable 
and relatively robust melt supply between 18° and 21°S (Chapter 3).  Within the study 
area there are clear contrasts between segment morphologies (Regions A to C) 
indicating differentiation in active processes along axis (Chapter 4).  The boundaries of 
transition in morphology correlate structurally with the locations of two of the major 
fracture zones within the study area (Figure 7.2).  The fracture zones separate relatively 
warmer and cooler regions of the ridge axis, determined from both the morphology and 
the assessment of the volcano-tectonic fabric distributions (Chapters 4 and 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2  A model summarising the interpretation of the results gained from a morphological, volcanic 
and tectonic analysis of the CIR.  The results suggest an enhanced but variable melt supply to the ridge.  
The model also shows indicative regions of melt accumulation at a range of scales from the elevated 
plateau (white dashed lines) to the ridge axis analysis (Regions A, B, C) and segment scale analysis 
within Segments 11 to 16. 
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Off-axis melt supply from the 
Réunion Hotspot 
(deflected south perhaps due 
to on-axis upwelling) 
Weak melt supply from the 
Réunion Hotspot 
(contaminating MORBs in 
southern segments) 
Melt leaking along the ridge axis into 
transform faults? 
Local on-axis upwelling 
under northern segments 
Region C 
Region B 
Region A 
0                   50km 
The morphological and volcano-tectonic analysis shows that the fracture zones isolate 
the central segments of Region B from a robust source of magma.  The analysis also 
highlights the elevated melt supply and warming of the adjacent segments at the 
northern end of Region A, and the enhanced along-axis morphological differentiation 
along the second-order segments (Segments 15 and 16) within Region C.  No 
substantial structural barriers exist between segments situated within Regions A or C 
other than small offset diffuse NTDs.  These discontinuities are unlikely to pose a 
significant barrier to magma transport (Figure 7.3). 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3  A cartoon illustrating the proposed processes of melt supply occurring along the CIR, based 
on the results of this thesis and supplemented by recent geochemical results from Nauret et al. (2006).  
The segments are shown as raised blocks above the regional bathymetry dataset with the inferred 
isotherm indicated by the red curves and with the focus of upwelling represented by the short arrows.  
The fracture zones are shown by the black lines and in the raised sections by grey rectangles.  Local 
upwelling under the northern segments and the deflected melt supply from the Réunion Hotspot flowing 
southwards and supplying the southern segments (resulting in the contaminated Mid-Ocean Ridge Basalts 
(MORBs)) are illustrated.  With the assumption that the median ridges within the fracture zones are 
volcanic in origin, the leakage of melt into the active faults forming transverse ridges (discussed in 
Chapters 4 and 5) is also included in this diagram.                                                                     Chapter 7 – Discussion, Conclusions and Further Work 
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Figure 7.3 illustrates the inferred sources and distribution of melt based on the findings 
of this thesis, and supplemented with recent geochemical results from Nauret et al. 
(2006).  The analysis conducted in this thesis has highlighted Segments 12 and 16 as 
particularly elevated and magmatically robust, with Segment 12 also showing some 
indication of a recent ridge-jump.  However, Nauret et al. (2006) found no evidence of 
Réunion Hotspot contamination of the MORBs in the northern segments, but 
contamination was found in the southern segments within the study area.  The analysis 
within Chapters 4 and 5 clearly indicates that there is a robust melt supply in the 
northern segments, particularly Segment 16.  Geochemical evidence suggests that this 
melt supply may be derived from the enhanced on-axis upwelling under the northern 
segments, and that the melt derived from the Réunion Hotspot may be deflected 
southwards along the axis.  This geochemical evidence supports with the findings of this 
thesis. 
 
The relative shape of the isotherms (lines of constant lithospheric temperature) inferred 
from the along-axis morphologies and volcano-tectonic distributions are also illustrated 
in Figure 7.3.  Analysis of the volcano-tectonic distributions suggests that the isotherm 
depth and focus of mantle upwelling is variable between segments, and may fluctuate 
over a temporal cycle.  Segment 14 although having a slow-spreading morphology, 
shows evidence of a more focussed upwelling (similar to the magmatically robust 
Segment 16) than Segment 13 with a similar slow-spreading morphology, but subdued 
central swell and volcano-tectonic structure at its centre.    
 
The variability in the melt supply along the ridge axis affects the distribution of 
different types of volcanic construction, the response of the lithosphere to a shallow 
magma chamber and the degree of magmatic intrusion.  The significant correlations in 
the tectonic development along the ridge axis show a clear change in lithospheric 
strength between segments experiencing different thermal fluxes and displaying 
contrasting morphologies.   
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Median or transverse ridges are prominent features observed within the fracture zones.  
If the median ridges are neovolcanic extrusive features, they are likely to be the result of 
melt using the active strike-slip faults to reach the surface and build constructional 
ridges.  This may be related to the processes of melt migration along-axis. 
 
Observations along the South East Indian Ridge (SEIR) are similar to the CIR.  Ma and 
Cochran (1996) observed a rapid transition along axis from an axial high to a shallow 
rift valley which they suggest indicates a temperature-related mechanism which controls 
whether an axial high or a shallow rift valley is found along the axis.  This effect is 
tentatively linked to a steady state or quasi-steady state magma chamber along the 
SEIR.  It appears from the data that a similar mechanism is responsible for the segment 
scale changes within the study area, particularly the availability of shallow melt. 
 
7.3  Correlations between Hydrothermalism and the Observed CIR Structure 
 
A detailed examination of the structure of the NTDs within the study area (Chapter 6) 
using a finite difference approach, has generated results which demonstrate how the 
perturbations in the local along-axis stress fields influence the development of fault 
fabrics and volcanic terrains within the crust.  The complex fault assemblages observed 
in the vicinity of the damage zone regions coupled with either, heat extending from the 
segment centres or exothermic heat generated by serpentinisation, increase the potential 
for the regions around NTDs to host hydrothermal circulation.  C.L. German (personal 
communication, March 15, 2008) conducted a geochemical survey along the CIR which 
has reinforced the modelling results in terms of the correlations of the segment end 
locations and hydrothermal signals detected in the water column (Figure 7.4).  In 
addition, the warmer regions of the segments identified in Chapter 4 from 
morphological signals, and in Chapter 5 from volcano-tectonic signals, also correlate 
with the location of hydrothermal signatures at the segment centres, which are clearly 
promoted by the increased supply of heat in these regions. 
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Figure 7.4  The results of a survey conducted within the study area to locate hydrothermal signatures 
within the water column.  The results show signature locations (identified by red stars) which correlate 
with both the centres of some of the segments, and more significantly with segment ends adjacent to 
NTDs, and in the vicinity of the damage zones described within Chapter 6.  The increased tectonism in 
these areas is identified in this thesis (Chapter 6) as a potential site for the promotion of hydrothermal 
circulation.  
 
The hydrothermal signals were detected along the CIR using Miniature Autonomous 
Plume Recorders (MAPRs) attached above and to the tow line of the TOBI vehicle 
during geophysical data acquisition.  Hydrothermal plume signatures in the water 
column are produced by the hot anoxic fluids rising turbulently into the water column 
from the vents.  These plumes disperse along isopycnal surfaces, and are detected from 
their strong enrichment in dissolved chemical tracers and increased particulate load.  
The maximum signals from these plumes were observed and recorded (Figure 7.4).  
More accurate positions for the hydrothermal vents would be gained through direct 
NTD 
NTD 
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observation, i.e. using a deep towed camera system such as the Argo I system (e.g. 
Haymon and White, 2004). 
 
The volcano-tectonic distributions identified within Chapter 5 demonstrate clear 
differentiation between the thermal flux, volcano-tectonic processes and structure of 
both the segment centres and segment ends.  The processes contributing to the venting 
identified within the central regions of the CIR segments (Segments 13 and 15c) is 
explained through the supply of heat in these areas coupled with sufficient faulting to 
allow percolation of seawater into the crust.   
 
In contrast to hydrothermalism at segment centres, vent fields at segment ends have not 
been widely observed.  One of the most documented sites is the Rainbow field at 
36°14’N along the MAR (Fouquet et al., 1997).  The vents are generally located at the 
intersection of lineaments suggesting that fluid circulation may be controlled by flow 
along active, open, fault surfaces.  Two leading theories for the provision of heat within 
an NTD sufficient to sustain high temperature venting are; (i) the lateral migration of 
melt from the centre of upwelling within the segment, or (ii) the exposure of ultramafic 
massifs providing the necessary components for the exothermic reactions associated 
with serpentinisation.  It is still not established whether serpentinisation alone could 
sustain high temperature venting (German and Parson, 1998; Gracia et al., 2000).   
 
Three of the five plume signatures locations correlate with the positions of NTDs within 
the study area.  Within NTD D a plume signature coincides with the predicted tip from 
the numerical models adjacent to the inferred damage zone (Figures 7.5). 
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Figure 7.5  Hydrothermal vent signal location (identified by red stars) in the vicinity of NTD D (Segment 
15b and 15c).  This signal is located at the modelled tip of Segment 15b where there are significant 
tectonic fabrics.  This region is also situated at the central swell of the second-order Segment 15 so the 
supply of melt at this discontinuity is likely to be sufficient to drive hydrothermal circulation.   
 
The region surrounding NTD D is highly tectonised, particularly around the segment 
tips and within the central region of the NTD, therefore increasing the permeability of 
the crust.  The origin of the plume signal is likely to be associated with these tectonised 
regions.  Closer examination of the area using a deep towed camera (similar to the 
system which captured the seafloor images presented in Section 5.4) may identify the 
exact location of the vent site, the nature of the vent site (the type of venting occurring) 
and the structures associated with the hydrothermal circulation.  Restricted volcanism is 
also evident from the sidescan data with pervasive hummocky terrain and seamounts.  
012 0.5
Kilometers
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Kilometers
012 0.5
Kilometers Fold-out Legend in Appendix 4 
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Since this region is located at the centre of the second-order Segment 15, magma supply 
is relatively high in this location even within a third-order discontinuity.    
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 7.6  Hydrothermal vent signal location (identified by red stars) in the vicinity of NTD G 
(Segments 15d and 15e).  Significant faulting is observed at the tip of Segment 15e also with a region of 
smooth texture interpreted as an effusive sheet flow.  The plume signal is situated at the centre of this 
NTD within faulted hummocky volcanic terrain.  This region appears to be receiving a supply of magma 
and the faults may be sufficient to allow seawater to penetrate into the crust and initiate hydrothermal 
circulation.  
 
TOBI coverage is limited across NTD G (Figure 7.6).  However, the tectonic fabrics 
located around the segment tips and the deflections in the stress field (and therefore the 
fault orientations) are clearly resolved.  An AVR and pervasive hummocky volcanic 
terrain in this area show a restricted but temporally persistent supply of magma.  The 
hydrothermal signal is located within a region of hummocky terrain with fault structures 
surrounding it at the southern tip of a constructional high, marking the centre of the 
Fold-out Legend in Appendix 4 
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(c) Model Analysis  (d) Interpretation                                                                  Chapter 7 – Discussion, Conclusions and Further Work 
 
 
 
        7-11 
NTD.  It is located approximately 2km from the predicted and interpreted segment tips 
(which for the southern segment coincide).  Closer inspection of this area is required to 
determine the nature of the vent site.  However, based on the evidence of volcanoes and 
hummocky terrains, the along-axis migration of melt may be sufficient to provide a 
source of heat for hydrothermal circulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 7.7  Hydrothermal vent signal location (identified by red stars) at the centre of Segment 15c.  The 
availability of shallow melt at the segment centre coupled with significant faulting provides a good 
location for hydrothermal circulation to develop.  Figure 7.7c shows the significant slopes in the vicinity 
of the plume signature including the flanks of seamounts, AVRs and the significant axial valley faults 
(including the wall scarps).   
 
Figure 7.7 shows one of the plume signatures located at the centre of Segment 15c.  A 
number of faults are situated amongst pervasive hummocky volcanic terrain.  The flanks 
of the axial valley in this area have significant scarps and fissured terrain, with sheet 
012 0.5
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Kilometers
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Kilometers Fold-out Legend in Appendix 4 
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flows to the east side of the valley, and a number of volcanoes to the west.  The faulting 
coupled with the increased heat flux at the centre of this segment provides a favourable 
environment for the potential hosting of hydrothermal circulation. 
 
A plume signature is also detected at the centre of Segment 13, and is situated along the 
first of the major axial wall faults.  In addition, a vent location has been identified which 
is situated on the axial valley wall adjacent to NTD H and the most magmatically robust 
segment in the study area, Segment 16.  A significant axial valley wall fault is likely to 
extend deep into the lithosphere, and provide a conduit through which seawater can 
reach a sufficient depth to access the source of heat required to host a vent site. 
 
These results show that hydrothermal circulation is not restricted to the areas of a ridge 
where the magma budget is greatest.  Hydrothermal circulation is also present in 
generally more tectonically controlled regions at the ends of segments.  Along the CIR 
the development of vent sites in these regions may be promoted by; (i) the complex 
faulting generally found in these areas, (ii) along-axis flow of melt towards the segment 
ends, or (iii) an increased thermal flux to the northern region of the study area.     
The geochemical results along the CIR adds to the small group of known vent sites 
which are identified at segment ends, and demonstrates that fault development in these 
areas provides a suitable environment for hydrothermal circulation.  These sites may 
provide a useful focus for further work (Section 7.6).  
7.4  Application of the NTD Numerical Models to the Mid-Atlantic Ridge 
In this section the modelling methodology used in Chapter 6 is tested to determine if it 
is generally applicable to other mid-ocean ridges by modelling NTDs along the MAR.  
Numerous NTDs have been identified and described between the Kane and the Atlantis 
Fracture Zones, along a 800km section of the MAR between 24°00’N and 30°40’N 
(Purdy et al., 1990; Sempéré et al., 1993; Spencer et al., 1997).  Along this section of 
the MAR, the axis is offset at intervals of 10 to 100km by NTDs (Sempéré et al., 1993).  
Three of these offsets with good data coverage are used to apply the modelling 
methodology.                                                                     Chapter 7 – Discussion, Conclusions and Further Work 
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Figure 7.8 examines an NTD at 25°36N, a right-stepping offset.  A series of right 
stepping offsets occur in this section of the ridge and Sempéré et al. (1993) comment 
that these are necessary to accommodate a 100° spreading direction along a spreading 
centre striking at 026°.  This NTD has an offset of 11km and a discontinuity width of 
9km (Figure 7.8a).  It is characterised by a central constructional high (described by 
Spencer et al. (1997) as a septal offset).  The segments offset at this NTD have well-
defined axial valleys with deeper nodal basins marking the terminations of the 
segments.  Reference orientation for the stress field generated by the adjacent tips at the 
centre of the NTD is 32° for the discontinuity at 25°36’N (Figure 7.8b).  After a 
correction is applied for the orthogonal model orientation a value of 0.4 is gained for the 
along axis to across axis separation ratio (Section 2.4 and Figure 2.17).   
 
The stress contours generated by the model are superimposed on the bathymetric 
contours in Figure 7.8c.  Comparison with the interpreted tip locations in Figure 7.1d 
shows a difference of 5.4 and 2.4km for α1 and α2 respectively.  The distance for α1 is 
much greater than α2 and is characterised by a significant scarp along with adjacent 
faulting and fissuring identified from the sidescan data.  This region may be 
characterised as a damage zone ahead of the southern segment.  A significant amount of 
fissuring in addition to the hummocky terrain is also identified adjacent to α2.     
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Figure 7.8  Analysis of the NTD at 25°36’N. The model segments are shown by the red circles and the 
interpreted segments by the green lines.    (a)  Bathymetric map (100m contour interval).  (b) TOBI 
sidescan data (from Spencer et al., 1997).  (c) Contoured tensor angle deflection (θD) from orthogonal to 
the average segment orientations, contoured at ±10° intervals.  (d) Interpretation based on sidescan and 
bathymetry data.  The model segments are shown by the red circles and the interpreted segments are 
shown in green.  The modelled segment tips are set back from the interpreted segment valley (α1 and α2).  
The blue dashed line indicates the orientation of the Central Basin.  (e) Key for the bathymetry, tensor 
rotation and interpretation figures. 
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Figure 7.9  Analysis of the NTD at 28°51’N.  The model segments are shown by the red circles and the 
interpreted segments by the green lines.    (a)  Bathymetric map (100m contour interval).  (b) TOBI 
sidescan data.  (c) Contoured tensor angle deflection (θD) from orthogonal to the average segment 
orientations, contoured at ±10° intervals.  (d) Interpretation based on sidescan and bathymetry data.  The 
model segments are shown by the red circles and the interpreted segments are shown in green.  The 
modelled segment tips are set back from the interpreted segment valley (α1 and α2).  The blue dashed line 
indicates the orientation of the Central Basin.  (e)  Key for the bathymetry, tensor rotation and 
interpretation figures. 
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Figure 7.10  Analysis of the NTD at 29°21’N.  The model segments are shown by the red circles and the 
interpreted segments by the green lines.    (a)  Bathymetric map (100m contour interval).  (b) TOBI 
sidescan data.  (c) Contoured tensor angle deflection (θD) from orthogonal to the average segment 
orientations, contoured at ±10° intervals.  (d) Interpretation based on sidescan and bathymetry data.  The 
model segments are shown by the red circles and the interpreted segments are shown in green.  The 
modelled segment tips are set back from the interpreted segment valley (α1 and α2).  The blue dashed line 
indicates the orientation of the Central Basin. (e)  Key for the bathymetry, tensor rotation and 
interpretation figures. 
 
10 
0 
20 
30 
40 
40 
50 
60 
70 
80 
Tensor angle deflection θD 
-1400 
-4900 
Bathymetry  Scale:          0                    5  km 
Shadow 
Hummocky 
AVR 
Model Segment 
Sheet Flow 
Sedimented 
Interpretation: 
Tectonised 
α1
α2
Scarp 
Interp. Segment 
Seamount 
(a)  (b)
(c)  (d)
(e)                                                                   Chapter 7 – Discussion, Conclusions and Further Work 
 
 
 
        7-17 
Figure 7.9 is located at an NTD described by Sempéré et al. (1993) at 28°51’N.  The 
central region of this NTD is characterised by a number of Axial Volcanic Ridges 
(AVRs) with a basin situated centrally between the interpreted segment tips.  The 
orientation of this basin and the adjacent faults map to a model with an along axis to 
across axis separation ratio of 1.5.  The separation between the model tip and the 
interpreted tip is 3.8km for α1 and 2.6km for α2.  Both these segments have tectonic 
fabrics surrounding their tips with AVRs and significant fault scarps identified near the 
southern segment.  Smaller scale tectonic fabrics and sedimented/fissured terrain are 
observed around the tip of the northern segment.  Both segments show evidence of well 
developed damage zones. 
 
Figure 7.10 presents an NTD previously identified and described by Sempéré et al. 
(1993) at 29°23’N.  This NTD is also right-stepping and has a constructional ridge 
oriented at 32° at its centre.  The sidescan data shows it to have a high acoustic 
reflectivity, suggesting a fresh volcanic feature surrounded by hummocky terrain and 
multiple faults.  The rotation of the central feature maps to a model separation ratio of 5.  
A significant degree of faulting and fissuring is identified ahead of each tip, indicating 
the presence of damage zones for each of these segments.  Comparison of the model tips 
with the interpreted tips, shows α1 is 5.5km and α2 is 2.1km.   
 
Table 7.1 presents the damage zone lengths for both the CIR segments and those along 
the MAR.  The results are broadly comparable with percentage values for the MAR 
under 5.2%, (and aside from Segment 12 which is a particularly short segment and has 
an unusual geometry associated with it), values below 5.6% for the CIR.  The 
comparable damage zone lengths may reflect the similarities in the separation ratios 
measured for the NTDs along the CIR and MAR (Table 7.1).  The NTDs along both 
ridges are have well defined structures and are situated in colder, deeper and more 
brittle crust, producing clear tectonic fabrics and a similar assemblage of volcanic 
construction.  This is despite the fact that; (i) the spreading rate for the MAR of 23.6 
mmyr
-1 (Sempéré et al., 1993), is half the CIR spreading rate (50 mmyr
-1) within the 
study area, and (ii) that the MAR is spreading at an oblique angle to the plate boundary 
and the CIR shows an orthogonal spreading geometry.                                                                               Chapter 7 – Discussion, Conclusions and Further Work 
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Table 7.1  Comparison of damage zone lengths for the CIR and MAR. 
Location Separation 
Ratio
* 
α1  
(km) 
% of Segment 
Length 
α2  
(km) 
% of Segment 
Length 
CIR - NTD C  1.1  2.8  4.7  1.7  12.2 
CIR - NTD D  0.7  2.0  3.5  2.5  4.7 
CIR - NTD H  0.6  0.7  5.6  0.2  0.3 
MAR - 25°36’  1.5  5.4  5.2  2.4  1.4 
MAR - 28°51’  0.5  3.8  1.0  2.6  1.9 
MAR - 29°23’  0.4  5.5  4.0  2.1  1.9 
*   Separation ratio is measured using the ratio between the along-axis (Y) and across-axis (X) 
separations (Y/X). 
 
As discussed with the application of the models to the CIR, the damage zones or 
predicted differences between the model tips and interpreted tips may provide an insight 
into the processes occurring in the crust ahead of a segment.  For example, a 
propagating segment may be expected to produce a significant amount of stress ahead 
of the tip, thus influencing both the local stress field within the NTD and also cracking 
the crust ahead of its tip (the damage zone).  With respect to the MAR between the 
Atlantis and Kane Fracture Zones, the long length of ridge offset by multiple NTDs may 
provide an increased potential for damage zone development and the possible initiation 
of hydrothermal circulation. 
 
7.5  Conclusions 
 
A detailed analysis of high resolution geophysical survey data along the CIR between 
18° and 21°S, combined with the use of numerical modelling, regional bathymetric and 
gravimetric datasets and geochemical results has lead to the following conclusions:   
 
•  Regional tectonic processes have been an important influence on the structural 
development of the CIR within the study area (Chapter 3).  Changes in the plate 
motion vector have clearly influenced the development of the CIR, and promoted 
plate reorganisation and ridge-axis segmentation.  Analysis shows that the CIR is 
spreading at a rate ranging between approximately 47 and 51mmyr
-1.  The CIR 
between 18° and 21°S is clearly elevated with respect to the GDH1 model of                                                                   Chapter 7 – Discussion, Conclusions and Further Work 
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crustal elevation with age.  The CIR is situated on an elevated plateau which is 
widest adjacent to the Marie Celeste Fracture Zone and narrows southwards, 
suggesting a reduction in melt availability southwards along the ridge axis. 
 
•  Segment-scale changes in morphology are observed (Chapter 4) correlating with 
the major structural boundaries (the fracture zones) within the study area.   
Examination of the along-axis morphology clearly shows three main regions of 
contrasting morphology (Regions A, B and C).  Region B is bounded by two of 
the three fracture zones within the study area, and is the focus of slow-spreading 
type morphologies contrasting with the less pronounced axial valley morphologies 
of the segments within Regions A and C.  The analysis conducted in this chapter 
shows that spreading rate is not a primary control on spreading ridge morphology 
within the study area. 
 
•  Patterns in the distribution and character of the volcano-tectonic fabrics (Chapter 
5) correlate well with the observed morphological trends.  The fracture zones 
within the study area appear to be an important structural control on melt 
distribution, and both on- and off-axis processes (hotspot interaction and on-axis 
upwelling) may control the focus of along-axis melt supply.  Where segments 
appear morphologically warm, the tectonic fabrics are generally shorter, with 
reduced throws and a closer spacing.  A strong negative correlation is identified 
along the axis between fault density and fault length, and a strong positive 
correlation is found between fault length and fault spacing.  The volcanic fabrics 
also generally show an increased proportion of acoustically smooth forms and 
fissured tectonic textures in the magmatically robust regions of the ridge axis.  In 
the bathymetrically deeper regions, more widely spaced, longer and larger throw 
faults are evident with a significant presence of AVRs and seamounts, indicating a 
less robust stage of magmatism.  The analysis demonstrates that thermal 
differentiation between regions of the CIR (rather than spreading rate), is the 
primary control on ridge morphology and structure. 
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•  Perturbations in the fault fabric orientations are coincident with the presence of 
diffuse NTDs within the study area (Chapter 6).  The model data when mapped 
onto the CIR, suggests that there is a distinction between a mechanically open 
segment responding to far-field tensile stresses, a damage zone undergoing crustal 
softening and the physical discontinuity along the ridge axis.  The implications of 
an increase in permeability through complex fault structures leads to a greater 
potential for the promotion of hydrothermal circulation.  Application of the model 
methodology to the MAR shows similar structures and fault fabrics associated 
with the segment tips. 
 
•  The results of the analysis presented in this thesis agree with the geochemical 
results of Nauret et al. (2006), with respect to the locations of enhanced on-axis 
melt supply in the northern segments (particularly Segment 16), and the potential 
for southwards deflection of hotspot material to the southern segments 
(particularly Segment 12).     
 
•  New geochemical data has shown that regions in the vicinity of NTDs and 
segment tips are significant areas along the CIR for hosting hydrothermal vents.   
The data adds to the relatively small group of vent sites hosted at segment ends 
along the world’s active spreading ridges.  This research shows that the complex 
fault fabrics which can be generated at NTDs coupled with a sufficient heat 
supply are suitable regions for hosting hydrothermal circulation.   
 
7.6  Further Work  
 
Based on the interpretation and analysis of geophysical data this thesis has described the 
structure of the ridge in detail and developed a model of morphological influence.   
However, a detailed analysis (through the collection of multibeam data) of the off-axis 
abyssal hill fabrics is required to provide a better understanding of the longevity, and 
nature of the regional elevation observed between 18° and 21°S within Chapter 3.  This 
data would also establish if there are structures within the off-axis terrains which 
indicate gradual migration of melt (wake structures) southwards as found along the                                                                   Chapter 7 – Discussion, Conclusions and Further Work 
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Reykjanes Ridge, or disruptions which may give evidence for ridge jumps (Segment 12) 
and plate reorganisation effects.   
 
Fracture zones clearly cause significant magmatic segmentation of the ridge axis within 
the study area.  An important aspect of further work would be to understand the extent 
and mechanics of the control of melt migration/accumulation adjacent to these 
structures.  The distribution of the magma chambers relative to the magmatically robust 
regions along-axis may go some way to answer this question through seismic, 
electromagnetic or geochemical analysis techniques.  Is the temperature gradient across 
the transform faults significant?  Studies have suggested that minor changes in melt 
supply can significantly affect ridge morphology.  An investigation of the median ridges 
within the transform zones would also be useful to try to understand their origin and 
determine if they are related to melt migration along axis.   
 
Further testing and development of the modelling methodology used in Chapter 6 for 
NTDs could be applied and developed in a more systematic way to ridges of varying 
spreading rates, and NTDs with more contrasting geometries.  This may provide a better 
understanding of the nature and development of damage zones ahead of segment tips.  
A more robust survey for hydrothermal signatures (and a more detailed camera survey 
of the areas where they have already been detected at segment ends) coupled with 
application of the modelling would be useful in further correlating segment structures 
and fabrics to the development of hydrothermal systems.  The relationship between 
hydrothermalism and pervasive fault development at segment ends associated with 
damage zones would be of particular interest.  The nature of the sources of heat 
associated with segment ends is another important area of understanding in vent field 
development along all ridges.  Are they predominantly hosted at exposures of ultramafic 
rocks, or is heat transferred more often along axis from the segment centre?  The vent 
sites now identified along the CIR may provide a good focus for this research.      
 
 
  
 
 
 
 
 
 
 
 
 
Appendix 1 
 
Calculation of Plate Motion for the CIR (Capricorn-Somalian Plate Boundary)    Appendix 1 – Calculation of Plate Motion 
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Calculation of Plate Motions for the CIR 
 
The parameters required for the calculation of the plate motion vector and the spreading 
rate along a plate boundary given the Euler pole position is summarised in the diagram 
below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1-1 Diagram showing the parameters for the calculations below of the plate motion vector for a 
point along a plate boundary (based on Cox and Hart, 1986). 
 
 
 
The following calculations for the relative velocity and motion vector for two tectonic 
plates are based on equations and methods outlined in (Cox and Hart, 1986; Fowler, 
1990). 
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The Cartesian coordinates for the Euler vector for two plates, denoted i and j, are given 
by: 
     x E = │ω│ cos θ cos φ       
     y E = │ω│ cos θ sin φ        
     z E = │ω│ sin θ,       
 
where ω is the scalar angular velocity vector or rotation rate  
 
For the point position vector the Cartesian coordinates are given by: 
 
                xP = acos λ cos μ     
     y P = acos λ sin μ       
     z P = asin λ,        
 
where a is the radius of the earth. 
 
The velocity of the plate must be tangential to the earth’s surface so the velocity vector 
at r is the cross product of the position vector and the angular velocity vector: 
 
     v   ij = ωij . r           
 
where, 
 
  ωij = │ω│ cos θ cos φ . │ω│ cos θ sin φ . │ω│ sin θ    
 
and 
 
  r = acos λ cos μ . acos λ sin μ . asin λ     
 
    Appendix 1 – Calculation of Plate Motion 
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All points on a plate boundary have the same angular velocity, but the magnitude of the 
linear velocity varies from zero at the pole to a maximum 90° away.  The magnitude, or 
rate, of relative plate motion increase is calculated using: 
 
  │vij│= │ωij││r│sin γ      
 
where γ is the angle between the position vector and the angular velocity vector.  γ is 
given by: 
 cos  (γ) = x ● xp  = (xP.xE + yP.yE + zP.zE)      
 
where γ is the angle between the Euler pole and the site (corresponding to a colatitude 
about the pole), x represents the unit vector for the euler pole and xp represents the 
cartesian coordinates from the point on the plate boundary.  x ● xp  represents the dot 
product of these to give a scalar (not a vector) quantity. 
 
  
 
 
 
 
 
 
 
 
 
Appendix 2 
 
Charting for the CIR Datasets 
 
 
Chart 1: CIR Bathymetry Dataset 
Chart 2: CIR TOBI Sidescan Dataset 
Chart 3: CIR TOBI Interpretation ^ _
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1.  The multibeam data along the CIR was collected using a
 Thomson Marconi Sonar TSM 5265 multibeam system
2.  The bathymetric dataset was supplied by Daniel Sauter
(Personal Communication, 2001).  
3.  The swath width across the ridge axis is 15km, with data
 acquired along-axis for approximately 670km. 
4. The CIR bathymetry data was processed using IFERMER's
 CARAIBES (CARtography Adapted to Imagery and BathymEtry of
Sonars and multibeam echosounders) software. Refer to Chapter 2.  
5.  The data is contoured using ArcGIS Software at 100m
intervals.  The axial traces defining the segments are inte rpreted
using criteria outlined in Chapter 4.
6.  The labelled red boxes indicate the extents of the data 
examples presented in Appendix 3. 
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Chart 2
TOBI sidescan sonar imagery along the CIR between 
18° and 21°S with hydrothermal signature positions.
Scale: 1:400,000
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1.  The sidescan sonar data was acquired using theTowed
Ocean Bottom Instrument (TOBI) during the CD127 cruise in 2001,
utilising the survey vessel RSS Charles Darwin (Parson et al., 2008).  
2.  TOBI was operated at altitudes of 200-400m above the
seafloor, with a maximum tow speed (dependent on water depth) of
3 knots.  
3.  The sidescan sonar data was acquired by the installed
30-32kHz dual-sided sidescan sonar instrument.  
4.  The TOBI sidescan sonar imagery for the CIR was acquired
along 6km wide single track swaths at the northern and southern 
ends of the survey area, covering along axis distances of 98km and
105km respectively.  Two parallel swaths were acquired, with a
5km separation to obtain 100% coverage over a region
approximately 362 km along-axis and 11 km across-axis.
5.  Processing of the data was conducted using a dedicated
processing software called PRISM developed specifically to
process the TOBI data (Le Bas and Hühnerbach, 1999). 
Post-processing of the data has produced a sidescan image with a
resolution of 6x6m.  
6.  The Hydrothermal signature dataset was also collected during
CD127 cruise, using instruments to measure chemical and
particulate concentrations in the water column.  
7.   The labelled red boxes indicate the extents of the data 
examples presented in Appendix 3. 
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Chart 3
Tectonic and Volcanic Interpretation along the 
CIR between 18° and 21°S.
Notes
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1.  The volcanic and tectonic interpretation was conducted within
 the ArcGIS software package using the assembled TOBI sidescan
 and multibeam bathymetry data.
2.  The interpretation was conducted (as outlined in Chapters 2 and
 5) using the TOBI data with multibeam bathymetry for
 morphological information.  Where the interpretation occasionally
 falls outside the TOBI boundary, the multibeam data was the
 primary source for interpretation (mainly for tracing escarpments
 off-axis).
3.  Where no interpretation is present inside the survey limits, the
 seafloor is either obscured (within the nadir of the acoustic beam or
 in shadow) or there is no data coverage.
4. Analysis of the fault fabrics including fault orientation charts and
fault orientation frequency histograms are presented for all of the
segments and the first order discontinuities.
5.   The labelled red boxes indicate the extents of the data 
examples presented in Appendix 3. 
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Data Examples for the CIR 
 
 
A3-01 to A3-020: CIR Bathymetry Dataset 
A3-02 to A3-019: CIR TOBI Sidescan Dataset 
A3-02 to A3-019: CIR TOBI Interpretation 
 
 
 
Refer to labelled red boxes on Charts 1 to 3 for locations 
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